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Abstract. We review recent results regarding entanglement in quantum fields in cosmological spacetimes and related
phenomena in flat spacetime such as the Unruh effect. We being with a summary of important results about field
entanglement and the mathematics of Bogoliubov transformations that is very often used to describe it. We then discuss
the Unruh-DeWitt detector model, which is a useful model of a generic local particle detector. This detector model has
been successfully used as a tool to obtain many important results. In this context we discuss two specific types of these
detectors: a qubit and a harmonic oscillator. The latter has recently been shown to have important applications when
one wants to probe nonperturbative physics of detectors interacting with quantum fields. We then detail several recent
advances in the study and application of these ideas, including echoes of the early universe, entanglement harvesting, and
a nascent proposal for quantum seismology.
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1 Introduction
It is a rather alarming fact that nearly all of the energy of the universe is so-called dark energy—i.e., energy of an
unknown nature that is nevertheless driving an unabated and accelerating expansion of space and everything in it [1, 2].
Furthermore, even considering just the matter content of the universe, the vast majority of it is unexplained, as well.
Measurements of the deuterium-hydrogen ratio in interstellar absorption, together with some theoretical models of
cosmological nucleosynthesis, have provided evidence that unspecified, non-baryonic matter accounts for an astounding
80% of the matter content of the universe [3]. The nature of this cold dark matter cannot be explained exclusively
with standard-model neutrinos [4] nor do recent results in experimental particle physics from the Large Hadron
Collider [5, 6, 7, 8, 9] seem to shed any light on the matter.
With the vast majority of the universe being of unknown origin and driving its own accelerating expansion, we
are further stymied by the fact that we do not fully understand the nature of the quantum field responsible for the
inflation period in the very early universe [10]. Nevertheless, the BICEP2 experiment has recently claimed discovery
of the signature of primordial gravitational waves imprinted onto the polarization of the cosmic microwave background
(CMB) [11]. If confirmed in further experiments, this would constitute the first experimental discovery of primordial
gravitational waves corresponding to quantum fluctuations of the metric itself. This would also constitute the second
indirect observation of gravitational radiation. Indeed gravitational waves have not been observed as of the publication
of this review, and we only have indirect proof of their existence through their effects on the orbital dynamics of binary
pulsars [12]. Furthermore, we still have a long way to go before relativity can be successfully married to quantum field
theory in a full theory of quantum gravity—i.e., one that necessarily includes the backreaction of quantised matter on
spacetime.
In the limit where this backreaction is negligible, quantum field theory in curved spacetime is the most complete
theory so far [13, 14]. Cosmological spacetimes provide a useful class of all curved backgrounds on which to study the
behaviour of quantum fields since they are important throughout the entire life cycle of our universe, from inflation to
recombination to dark energy-fueled expansion. Furthermore, even flat (Minkowski) spacetime provides a useful testbed
for quantum fields in the low-curvature limit, which can still reveal interesting phenomena such as the Fulling-Davies-
Unruh effect [15, 16, 17, 18] (often called just the Unruh effect) for accelerating observers. This effect, which results
in accelerating observers detecting thermal radiation in the Minkowski vacuum [17], is mathematically related to an
analogous effect in exponentially expanding (de Sitter) spacetime: the Gibbons-Hawking effect [19], which predicts a
similar detector response due to the transient effects of an expanding universe.
In this article, we explore these effects from the perspective of quantum entanglement and relativistic quantum
optics. We start with a brief review of the basic mathematical formalism in QFT in curved spacetimes. Then we review
recent results that discuss the entanglement naturally occurring in a quantum field and produced during the expansion
of spacetime. We also discuss closely related phenomena in the context of the Unruh effect for accelerating observers.
Special attention is payed to the role of particle detectors and their ability to harvest entanglement from the underlying
quantum field both in flat and cosmological spacetime backgrounds. We choose an Unruh-DeWitt detector model because
of its ubiquity in the literature and because recent results show that using a harmonic oscillator (in place of the more
usual qubit) as the local quantum system allows one to do nonperturbative analysis of detector behavior when interacting
with free fields. This powerful technique opens the door to new results and possible practical applications, including
a speculative proposal for quantum seismology using a technique known as entanglement farming. Furthermore, we
discuss recent results suggesting how detectors today could, in principle, ‘hear the echo’ of quantum-gravity features of
the Big Bang and the early Universe.
2 Bogoliubov transformations: Useful mathematical tools for quantum field theory in
curved spacetimes
2.1 Non-inertial observers of quantum fields in flat spacetime
In quantum field theory, different observers define different natural quantization schemes. In flat spacetime, all the
quantization schemes corresponding to inertial observers are equivalent (they would all agree on what the field vacuum
is). This is not true in general. Indeed, different geodesic observers in general spacetimes do not necessarily agree on
what the vacuum of a quantum field theory is.
Even for the simple case of a scalar quantum field on flat spacetime, there are non-trivial differences between
observers in different kinematic states. For instance, it is well-known that accelerated observers would not agree with
inertial observers in their definition of the vacuum. To illustrate this and as a convenient introduction, we will briefly
carry out a flat spacetime scalar field quantization for two different class of observers of a quantum field, inertial and
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constantly accelerated.
To deal with uniformly accelerated observers, we introduce Rindler coordinates (τ, ξ) [20], which are the proper
coordinates of an observer moving at constant acceleration a. The correspondence between the proper coordinates of a
stationary observer (chosen w.l.g. at rest) (t, x) and the proper coordinates of an accelerated observer (τ, ξ) is
ct = ξ sinh
(aτ
c
)
, x = ξ cosh
(aτ
c
)
, (1)
where, we have made c explicit‡.
II I
c
F
P
Figure 1. Flat spacetime. Trajectories of an inertial (Alice) and constantly accelerated (Rob) observers
Directly from (1) we see that trajectories of observers with constant acceleration correspond to ξ = const.. These
trajectories are hyperbolae whose asymptote is the light cone (as the observer accelerates his velocity tends to the speed
of light). By choosing a particular value of the parameter a in (1) we are specifying the particular observer for which
these coordinates correspond to his proper frame. To find this observer’s Rindler position ξ we can use that all Rindler
observers are instantaneously at rest at time t = 0 in the inertial frame, and at this time a Rindler observer with proper
acceleration a —and therefore, proper coordinates (ξ, τ)— will be at Minkowskian position x = c2/a. On the other
hand, at this point t = 0⇒ ξ = x instantaneously so, consequently, the constant Rindler position for this trajectory is
ξ = c2/a.
One can easily see that for eternally accelerated observers, an acceleration horizon appears: Any accelerated observer
would be restricted to either region I or II of spacetime as per Fig. 1.
Indeed, a quick inspection reveals that the Rindler coodinates defined in (1) do not cover the whole Minkowski
spacetime, but only the right wedge (Region I in Figure 1). In fact to map the complete Minkowski spacetime we need
three more sets of Rindler coordinates,
ct = −ξ sinh
(aτ
c
)
, x = −ξ cosh
(aτ
c
)
, (2)
for region II, corresponding to an observer decelerating with respect to the Minkowskian origin, and
ct = ±ξ cosh
(aτ
c
)
, x = ±ξ sinh
(aτ
c
)
(3)
‡ Note that we are not using conformal Rindler coordinates t = c a−1eaξ/c2 sinh (aτ
c
)
and x = c2a−1eaξ/c
2
cosh
(
aτ
c
)
(quite common in the
literature) but the proper coordinates of an accelerated observer of acceleration a such that the proper lengths and times measured in these
units are physical distances and time lapses as measured by the accelerated observer.
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for regions F and P.
Notice that for both relevant regions (I and II), the coordinates (ξ, τ) take values in the whole domain (−∞,+∞).
Therefore, if there is a quantum field defined in this flat spacetime, it is possible to carry out completely independent
canonical field quantzsations of the field in regions I and II.
For simplicity, consider first an inertial observer in a flat spacetime (Alice) whose proper coordinates are the
Minkowskian coordinates (x, t). She wants to build a quantum field theory for a free massless scalar field.
She first needs to find an orthonormal basis of solutions of the free massless Klein-Gordon equation in Minkowski
coordinates. As a reasonable possible choice, she can always use the positive energy plane wave solutions of the Klein-
Gordon equation (and their complex conjugates) to build a complete set of solutions.
In this fashion the states |1ωˆ〉M = a†ωˆ,M |0〉M are free massless scalar field modes, in other words, solutions of positive
frequency ωˆ (with respect to the Minkowski timelike Killing vector ∂t) of the free Klein-Gordon equation:
|1ωˆ〉M ≡ uMωˆ ∝
1√
2ωˆ
e−iωˆt, (4)
where only the time dependence has been made explicit. The label M just means that these states are expressed in the
Minkowskian Fock space basis.
The field expanded in terms of these modes takes the usual form
φ =
∑
i
(
aωˆi,Mu
M
ωˆi + a
†
ωˆi,M
uM∗ωˆi
)
, (5)
where the sum is shorthand notation for an integral over a suitable measure of field mode frequencies. Here, we have
eliminated redundant notation and M denotes that uMωˆi and aωˆi,M are Minkowskian modes and operators.
An accelerated observer can also carry out a canonical quantization procedure in his own right, and thus define
his own vacuum and excited states of the field. Actually, for constantly accelerated observers, there are two natural
vacuum states associated with the positive frequency modes as defined by them with support in regions I and II of the
flat spacetime. These are |0〉I and |0〉II, and subsequently we can define the field excitations for Rindler observers with
proper coordinates (ξ, τ) as
|1ω〉I = a†ω,I |0〉I ≡ uIω ∝
1√
2ω
e−iωτ ,
|1ω〉II = a†ω,II |0〉II ≡ uIIω ∝
1√
2ω
eiωτ . (6)
These modes are related by a spacetime reflection and only have support in regions I and II of the spacetime respectively.
Despite being limited to the left and right wedges, these modes nevertheless suffice as a complete set of solutions of
the Klein-Gordon equation in Rindler coordinates because they are complete on a Cauchy hypersurface (e.g., t = 0).
Therefore, we can now expand the field (5) in terms of these modes:
φ =
∑
i
(
aωi,Iu
I
ωi + a
†
ωi,I
uI∗ωi + aωi,IIu
II
ωi + a
†
ωi,II
uII∗ωi
)
. (7)
Expressions (5) and (7) are exactly equal and therefore Minkowskian modes can be expressed as function of Rindler
modes by means of the Klein-Gordon inner product,
(uj , uk) = −i
∫
dΣnµ (uj∂µu
∗
k − u∗k∂µuj) , (8)
where dΣ is the volume element and nµ is a future directed timelike unit vector that is orthogonal to Σ. Because the
left and right Rindler modes together are complete, we can expand uMωˆj in terms of them:
uMωˆj =
∑
i
(
αIjiu
I
ωi + β
II
jiu
II∗
ωi + α
II
jiu
II
ωi + β
I
jiu
I∗
ωi
)
. (9)
Taking the Klein-Gordon inner product of this with uΣωj and also with u
Σ∗
ωj , with Σ ∈ {I, II}, allows us to extract the
Bogoliubov coefficients,
αΣij =
(
uMωˆi , u
Σ
ωj
)
, βΣij = −
(
uMωˆi , u
Σ∗
ωj
)
, (10)
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where we have used the properties of the Klein-Gordon inner product, (uj , uk) = δjk = −(u∗j , u∗k) and (uj , u∗k) = 0.
Now, we would like to know how the creation and annihilation operators in the Minkowski basis are related to
operators in the two Rindler bases. Since we know that aωˆi,M = (φ, u
M
ωˆi
), if we write φ in Rindler basis (7) we can
readily obtain
aωˆi,M =
∑
j
[
(uIωj , u
M
ωˆi)aωj ,I + (u
I∗
ωj , u
M
ωˆi)a
†
ωj ,I
+ (uIIωj , u
M
ωˆi)aωj ,II + (u
II∗
ωj , u
M
ωˆi)a
†
ωj ,II
)
. (11)
which, using again the properties of the KG product,
(u1, u2) = (u2, u1)
∗ , (u∗1, u
∗
2) = −(u2, u1) , (12)
allows us to readily write (11) in terms of the Bogoliubov coefficients (10) as
aωˆi,M =
∑
j
(
αI∗ijaωj ,I − βI∗ij a
†
ωj ,I
+ αII∗ij aωj ,II − βII∗ij a
†
ωj ,II
)
. (13)
Completely analogous reasoning can be followed for the case of a Dirac field, with some subtleties that are partially
discussed in [21, 22, 23].
To obtain the form of the Minkowskian vacuum in the Rindler basis, we have to demand that (13) (the Minkowskian
annihilation operator) annihilates the vacuum for all ωi. This in turn implies that the right-hand-side of (13) has to
annihilate the Minkowski vacuum in the Rindler basis. It is straightforward to see that the Rindler basis representation
of the Minkowskian vacuum has to be a Gaussian state [24]. Assuming this ansatz and demanding that the r.h.s
of (13) annihilates the Minkowski vacuum we obtain an infinte number of recursive equations that, together with
the normalization condition, allows us to find the exact form of the state in terms of the Bogoliubov coefficients.
These coefficientes will be continuous linear combinations of Rindler annihilation and creation operators for all Rindler
frequencies. All this imposes that the vacuum state has to be a tensor product of two-mode squeezed states for every
Rindler frequency [25, 26, 24].
After all this algebra, one finds that the Minkowskian basis can be expressed as a two mode squeezed state in the
Rindler basis [27, 24]. Namely, for the scalar case considered in this introduction
|0〉M =
⊗
ω
1
cosh rb,ω
∞∑
n=0
tanhn rb,ω |n〉ω,I |n〉ω,II . (14)
where§
rb,ω = atanh
[
exp
(
−picω
a
)]
. (15)
The Unruh effect
In the 1970s, Fulling, Davies and Unruh realised that the impossibility of covering the whole of Minkowski spacetime
with only one set of Rindler coordinates has strong implications when accelerated and inertial observers describe states
of a quantum field. Namely, the description of the vacuum state of the field in the inertial basis as seen by accelerated
observers has a non-zero particle content.
In very plain words, the Unruh effect is the fact that while inertial observers ‘see’ the vacuum state of the field, an
accelerated observer would ‘see’ a thermal bath whose temperature is proportional to his acceleration.
Different approaches to this well-known effect can be found in multiple textbooks (let us cite [14, 28, 24] as a token).
Nowadays, the use of particle detectors is the preferred way to show the Unruh effect [29], this allows us to escape the
common caveats of derivations based on the direct analysis of the quantum field.
However, in this section, we will provide a different rather simple derivation of the effect in a way that will be useful
in order to clearly present a feature of spacetime with horizons which turns out to be relevant when it comes to study
entanglement.
Let us consider that an inertial observer, Alice, is observing the vacuum state of a scalar field. Now assume that
an accelerated observer, called Rob, wants to describe the same quantum field state by means of his proper Fock basis.
One way to find Rob’s description of the field is to find the change of basis from the Fock basis build from solutions to
§ The label b stands for ‘bosonic’, this parameter has a different definition for fermionic and bosonic fields [21].
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the Klein-Gordon equation in Minkowskian coordinates (4) to the Fock basis build from solutions of the KG equations
in Rindler coordinates (6). This gives us equation (14) which we presented in the section above.
Of course, (14) is a pure state. However, the eternally accelerated observer is restricted to region I (or II) of
spacetime due to the presence of an acceleration horizon (as shown in Figure 1), and, since both regions are causally
disconnected, Rob has no access to any degrees of freedom which have support in the opposite spacetime wedge, which
have to be traced out from his quantum state description. This means that the quantum state accessible for Rob is no
longer pure,
ρR,ω = trII (|0ω〉〈0ω|) =
∑
k
〈k|II |0ω〉M 〈0ω|M |k〉II . (16)
Substituting |0ω〉 by its Rindler basis expression (14) we obtain
ρR,ω =
1
cosh2 rb,ω
∑
n
tanh2n rb,ω |nω〉I 〈nω|I , (17)
which is a thermal state.
Indeed, if we compute the particle counting statistics that the accelerated observer would see we obtain
〈Nω,R〉 = trI
(
ρR,ω a
†
ω,Iaω,I
)
=
1
e2pic/ωa − 1 , (18)
which is a Bose-Einstein distribution with temperature
TU =
~a
2piKB
, (19)
the so-called Unruh temperature.
Rob observes a thermal state‖ because he cannot see modes with support in region II due to the presence of an
acceleration horizon. Curiously, the essence of this effect persists even if there is, strictly speaking, no horizon for the
observer—for instance, in the presence of a reflecting boundary condition at the origin [30]. The presence of a horizon
as described above, however, allows for an exactly thermal response.
2.2 Bogoliubov transformations and particle production in asymptotically stationary spacetimes and
in cosmology
The analysis carried out in the previous subsection assumed that the spacetime is stationatry and therefore possesses a
global time isometry. In general, this treatment would not be possible in the absence of a global timelike Killing vector.
However, there are some scenarios in which the spacetime is not stationary but possesses stationary asymptotic regions.
This is the case, for example, of some models of expansion of the universe [31] or the stellar collapse and formation of
black holes [24]. For the sake of completeness will summarise in this subsection the analysis detailed in [32].
Consider a spacetime that has asymptotically stationary regions in the far past and in the far future. We denote
them ‘in’ and ‘out’ respectively. In these regions it is possible to ascribe a particle interpretation to the solutions of the
field equations. Namely, we can build two different sets of solutions of the field, the first one {uin
kˆj
} consisting of modes
with positive frequency ωˆj with respect to comoving time in the asymptotic past. The second set {uoutkj } consisting of
modes with positive frequency ωj with respect to comoving time in the asymptotic future. In this fashion we can expand
the quantum field in terms of both sets of solutions
Φ =
∑
i
(
akˆi,inu
in
kˆi
+ a†
kˆi,in
uin∗
kˆi
)
=
∑
i
(
aki,outu
out
ki + a
†
ki,out
uout∗ki
)
. (20)
Now, since both set of modes are complete, we can expand the particle operators associated with one basis in terms of
operators of the other basis [32, 24]:
akˆi,in =
∑
j
(
αjiakj ,out + β
∗
jia
†
kj ,out
)
, (21)
aki,out =
∑
j
(
α∗ijakˆj ,in − β∗ija
†
kˆj ,in
)
. (22)
‖ Note that thermal noise is only observed in the 1+1 dimensional case. In higher dimension Rob would observe a noisy distribution, very
similar to a thermal one, but with different prefactors [27]. This is called the Rindler noise.
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Now let us consider the vacuum state in the asymptotic past region |0〉in, which is annihilated by akˆi,in ∀ωˆi. We would
like to know the form of the state |0〉in in the basis of modes in the asymptotic future. To compute this we use the fact
that akˆi,in |0〉in = 0. If we substitute akˆi,in in terms of ‘out’ operators using Eq. (21), we obtain∑
j
(
αjiakj ,out + β
∗
jia
†
kj ,out
)
|0〉in = 0 . (23)
It is relatively straightforward to prove (See [32]) that this condition implies that the ‘in’ vacuum can be written
in terms of ‘out’ modes as
|0〉in = C exp
−1
2
∑
ijk
β∗ik(α
−1)kja
†
ki,out
a†kj ,out
 |0〉out . (24)
This is a Gaussian state and C is given by the normalization condition. Notice that this state is, in general, not separable.
This means that, depending on αij and βij , the final state of the field can possess nontrivial quantum correlations.
Similar to what we did in the small subsection about the Unruh effect, we could compute here the expectation value
of the number operator in the asymptotic future with respect to the ‘in’ vacuum, finding
〈Noutkj 〉in = in〈0| a†kj ,outakj ,out |0〉in =
∑
i
|βij |2 . (25)
This implies that if βij is different from zero, one would observe particle production as a consequence of the expansion.
Now, as a relevant particular case, let us consider a universe undergoing a homogeneous and isotropic expansion,
which is very well described in terms of the Friedmann-Lemaˆıtre-Robertson-Walker (FLRW) metric,
ds2 = dt2 − [a(t)]2dΣ2 , (26)
where dΣ is an element of a 3-dimensional space of uniform curvature, either elliptical, hyperbolic, or Euclidean, this is,
ds2 = dt2 − [a(t)]2
(
dr2
1− kr2 + r
2dΩ2
)
, (27)
where dΩ is the line element in the unit sphere and k characterises the curvature of the space (negative, zero, or positive
for hyperbolic, Euclidean, or elliptical, respectively). We will consider that the spatial geometry is Euclidean (k = 0),
so we can write this metric as
ds2 = dt2 − [a(t)]2(dx2 + dy2 + dz2) . (28)
Even if the spatial geometry of the universe is not exactly Euclidean, all evidence seems to indicate that the spatial
curvature is close enough to zero to place the radius at approximately the horizon of the observable universe or beyond,
so this consideration seems reasonable.
As discussed above, when a non-stationary spacetime possesses asymptotically stationary regions, it is possible to
compute expectaiton values of observables in the asymptotic future by knowing the field state in the asymptotic past,
which enables us to compute the field quanta creation due to the gravitational interaction. This is the case for the
FLRW spacetime, Eq. (28), if we impose the additional conditions
a(+∞)→ const. , a(−∞)→ const. , (29)
Although measurements of distant supernovae have demonstrated that our universe is undergoing an accelerating
expansion, to good degree of approximation, certain models fulfilling Eq. (29) can serve as approximations to some
inflationary scenarios. Concretely, they can be rough approximations to a period of slow expansion, then a period of
very fast expansion, and then again a period of slow expansion.
As can be seen from Eq. (22), computing the analytic form of the particle operators in the asymptotic future in
terms of the operators in the asymptotic past is generally not trivial. There are, however, some particular solvable
toy models that allow for the study of fundamental phenomena in this kind of spacetime. These include some scalar
models [28] and spin- 12 fermionic models [31]. To illustrate this, let us revisit the scalar field case within an exactly
solvable model in 1+1 dimensions analyzed in [32].
Let us consider the FLRW metric Eq. (28) and rewrite it in terms of the conformal time coordinate
η =
∫ t
0
dτ
a(τ)
. (30)
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This yields,
ds2 = [a(η)]2(dη2 − dx2) . (31)
Following the usual notation, we define C(η) = [a(η)]2. We now assume the following specific form for the conformal
factor:
C(η) = 1 +  tanh(ρη) , (32)
where  and ρ are positive real parameters characterising the total volume and rapidity of the expansion, respectively.
Imposing this particular form for the conformal factor makes it simple to tackle the problem analytically, while at
the same time allows us to study the fundamental behaviour of the particle creation phenomenon as a function of the
rapidity of the expansion and its total volume.
It is interesting to note that for large  the FLRW metric with this conformal factor behaves, for 0 < t ρ−1, like
the radiation-dominated Friedman universe, with an exponentially fast approach to asymptotic flatness for t  ρ−1.
As mentioned above, we can consider this as a convenient way to approximate a spacetime that is asymptotically flat
in the past and future but undergoes rapid inflation in between. The asymptotic flatness at each end allows us to
define different but physically meaningful particle states for the asymptotic past and future. Note that this example
is analytically solvable only for the scalar field. The same C(η) does not provide an analytically solvable model in the
fermionic case, which will be discussed in Sec. 4.2.
We label the mode solutions to the Klein-Gordon equation in the asymptotic past as uink (x, η) and those in the
asymptotic future as uoutk (x, η). The two are connected by a Bogoliubov transformation that only mixes modes of the
same k:
uink (x, η) = αku
out
k (x, η) + βku
out∗
−k (x, η) . (33)
The reader is referred to Refs. [13, 32] for details of this derivation.¶
The fact that the Bogoliubov transformation only mixes modes of the same momentum is not related to the particular
expansion model choice in Eq. (32), nor to the dimension of the spacetime considered. Rather, it is a consequence only
of the conformal symmetry (up to mass terms in the minimal coupling scenario) of the theory and the conformal flatness
of the metric. This conformal equivalence relates the equation of motion in the FLRW scenario to its flat-spacetime
form. This means that the general form of the Bogoliubov transformation Eq. (33) is valid for any FLRW universe with
sufficiently well-behaved scaling factor and minimally coupled field, where Eq. (29) is fulfilled [31].
From Eq. (25) we see that the average number of particles in the asymptotic future when the field was prepared in
the vacuum state in the past is
〈Noutk 〉in = |βk|2. (34)
This can be interpreted as the creation of quanta in the mode k of the field as a consequence of the spacetime expansion.
Notice that when m = 0, ωin = ωout, which means that |βk| = 0, and no particles are present in the asymptotic future.
This is because, in the particular case of two spacetime dimensions, for m = 0, the theory is also conformally invariant.
We will analyze this case in more detail.
From a general perspective, Hilbert-Einstein action of a scalar field in a curved spacetime of dimension D, takes
the form
S =
∫
dDx
√|g|
2
[
gµν∂µΦ∂νΦ− (m2 + ξR)Φ2
]
, (35)
whose associated equation of motion is(
g +m2 + ξR
)
Φ = 0 , (36)
ξ is the coupling of the field to the Ricci curvature scalar R. The case where ξ = 0 is called minimal coupling. There
is a particular value of this coupling strength which is of great interest in cosmological scenarios given that the FLRW
metric is conformally flat: conformal coupling..
If we require the action in Eq. (35) to be invariant (except for an irrelevant boundary term) under a conformal
transformation g′µν = [Ω(x)]
2gµν , we find that there are three contributions that may destroy this invariance: the mass
¶ Note that Eq. (44) in Ref. [32], which corresponds to Eq. (33) above, contains a typo: what should be uout∗−k appears as uin∗−k in that work.
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term, the derivatives in the kinetic term (if Ω is not constant), and the coupling to the curvature term [32]. In the massless
case, we can always choose the coupling to the curvature such that the action becomes conformally invariant—namely,
ξ =
(D − 2)
4(D − 1) , (37)
Where D is the spacetime dimension. This is the so-called conformal coupling. In two spacetime dimensions, we see
that if m = 0 the minimal coupling ξ = 0 gives conformal invariance of the action, so it coincides exactly with the
conformal coupling. In contrast, in four spacetime dimensions, we require m = 0 and ξ = 1/6 to have a conformally
invariant action.
Under conformal symmetry of the action, if Φ′ is a solution of the conformally transformed equation, then Φ = ΩΦ′
will be a solution of the original equation [32].
The FLRW metric from Eq. (28) happens to be conformally flat, as it is explicitly displayed when written in terms
of the conformal time η
ds2 = [a(η)]2(dη2 − dx2 − dy2 − dz2) . (38)
This allows us to use the conformal symmetry to find the form of the solutions to the KG in the FRLW background:
uk ∝ [a(η)]−1 exp[i(k · x− |k|η)] = [a(η)]−1 exp
[
i
(
k · x−
∫ t
0
ω(τ) dτ
)]
, (39)
where we have defined ω(t) = |k|/a(t). uk are positive frequency solutions at early times, so the field admits the
expansion
Φ =
∑
i
(
akˆi,inukˆi + a
†
kˆi,in
u∗
kˆi
)
. (40)
But uk are also positive-frequency solutions at late times, so the field also admits the expansion
Φ =
∑
i
(
aki,outuki + a
†
ki,out
u∗ki
)
. (41)
In this case, the Bogoliubov transformation is trivial, and aki,out = aki,in, so that the early- and late-time vacua are the
same.
In conclusion, under conformal symmetry the concept of particle is well-defined at all times, and there is therefore
a natural choice for the vacuum state [33, 34, 35], which is called the conformal vacuum [28, 33]. As an obvious
consequence, the Bogoliubov coefficients βk = 0 for all k, so no particles are created in the massless conformally coupled
field case. Hence, if the field is prepared in the conformal vacuum in the asymptotic past, the expansion will not create
any particles in the asymptotic future either.
Nevertheless, it would not be completely correct to assert that there is no particle creation due to the expansion of
the universe insofar as we suscribe to Unruh’s definition of particle as “what particle detectors click for”. As we will see
in the next section, a comoving particle detector can nevertheless ‘click’ in this conformally symmetric scenario.
3 Particle detectors in curved spacetimes: perturbative and non-perturbative analysis
3.1 The Unruh-DeWitt (UDW) model of particle detectors
Particle detector models, such as the Unruh-Dewitt model, have been used since their inception to quantify the particle
content in a given state of a quantum field as seen by a localised observer [17, 36, 28, 14, 29]; to harvest the entanglement
of the vacuum state of a quantum field [37, 38]; in metrology settings [39, 40, 41, 42, 43]; to analyze the decoherence
effects of relativistic trajectories [44, 45], to propose schemes of universal quantum computing via relativistic motion
[46, 47] and to set up scenarios of quantum communication in the relativistic limit [48]. Considering a localised point-like
quantum system coupled to the field as a particle detector has the advantage that we can associate every detector with
a particular ‘observer’ who is moving through the spacetime.
Particle detector models were introduced by Unruh [17] to give a more physical approach to the results by Fulling [15]
and Davies [16] on the effects of acceleration on the observed state of a quantum field for field modes. Unruh showed that
the effect is real and felt by a local particle detector [17]. He used two different models: (1) a particle in a box coupled to
a scalar field and (2) two quantum fields, one heavier than the other, whose interaction is mediated by the external field.
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The purpose of these two alternatives was to show that the results obtained for the semiclassical model of a particle in a
box displays the same phenomenology as a fully second-quantised model. Shortly thereafter, DeWitt [49] discussed that
only the two lowest energy levels of the particle in a box were really necessary to see the relevant phenomenology, and
nowadays a qubit is most commonly used as the system serving as the semiclassical detector in what is known as the
UDW model. This model, whose applicability relies heavily on the existence of a perturbative approach, will be briefly
reviewed in Sec. 3.2. More recently it was shown that in the case of free bosonic fields, we can obtain nonperturbative
solutions for the behavior of particle detectors by adding back additional levels to the detector—but as a harmonic
oscillator instead of the original box [17]. This lets us model the evolution as symplectic transformations on phase space,
allowing for nonperturbative probing of detector-field interactions. This powerful new technique is reviewed in Sec, 3.3.
3.2 Qubit-based Unruh-DeWitt detectors
The detector model consists of a two-level quantum system with a scalar field. In its simplest form, this is a point-like
particle detector whose interaction Hamiltonian with a scalar field φ(x) is
HI = λχ(τ)µ(τ)φ[x(τ)] , (42)
where λ is the coupling strength, τ is the proper time of the detector, χ(τ) is some appropriate switching function
describing the time-dependent coupling of the detector to the field, µ(τ) is the monopole moment of the detector, and
φ[x(τ)] is the field operator evaluated along the worldline of the detector. The detector being a two-level quantum
system, the monopole momentum operator can be written in terms of qubit ladder operators σ+ and σ−. We can choose
to expand the field operators in terms of positive- and negative-frequency solutions of the Klein-Gordon equation in a
given quantization frame (x, t): uk(x, t) and u
∗
k(x, t), yielding the interaction picture Hamiltonian
HI = λχ(τ)
(
σ+eiΩτ + σ−e−iΩτ
) ∫
dk
(
a†ku
∗
k[x(τ), t(τ)] + akuk[x(τ), t(τ)]
)
, (43)
where Ω is the energy gap between the ground and excited state of the detector.
The Unruh-Dewitt model is, by construction, simple but it encompasses the fundamental features of the light-matter
interaction when transitions between two atomic levels where no orbital angular momentum exchange occurs [50, 51].
A series of further approximations (single-mode and rotating-wave) carried out on the UDW detector model yields
the Jaynes-Cummings model, which is commonplace in quantum optics as a phenomenological model of light-matter
interaction [52]. Additionally, the UDW detector is a powerful effective model in superconducting-circuit QED [53, 54].
It is well-known that an accelerated Unruh-DeWitt detector has a thermal response [28], a result that is very robust
under small perturbations of the trajectory or imposition of finite boundary conditions [55, 56, 57]. In comsological
contexts, it is also well-known that if we consider a single UDW particle detector in a de Sitter universe coupled to a
quantum scalar field in the conformal vacuum [13], at the first order in perturbation theory and for long interaction
times χ(τ) ≈ 1, the response function of such detector is [28]
F (E) =
1
4pi2
∫
dη
∫
dη′
e
−iE ∫ η
η′
√
a(η′′)dη′′
(η − η′ − i)2 , (44)
which is nonzero in general. Hence, a comoving detector will click even if the state of the field is the conformal vacuum.
A paradigmatic example of this is the de Sitter universe, in which a comoving detector gives a thermal response [58].
The characteristic temperature of the detected particle statistics is known as the Gibbons-Hawking temperature and is
proportional to the expansion rate. Notice that despite the lack of particle creation (in the asymptotic sense) in the
conformal vacuum, particle detectors nevertheless click due to the transient effects of expansion.
3.3 Non-perturbative particle detectors
Although the Unruh-DeWitt model has been very successful in dealing with problems related to the particle content
of quantum fields and the harvesting of field entanglement, its main shortcoming is that almost all the work based on
such detectors so far has been limited to perturbation theory. This limitation rendered the model unsuitable to study
problems in which a perturbative expansion is not a good approximation. These include strong coupling, long times
and high-average-energy exchange processes.
Recently, two groups proposed modelling a detector as a quantum harmonic oscillator rather than as a qubit [59, 60].
In other words, the authors simply replace two energy levels with infinitely many evenly-spaced levels. The use of such
model has been proposed before in other contexts [61, 62, 63, 64, 65, 66]. Considering this detector instead of a qubit
detector is not a downgrade of the model. Qubits are, in many cases, just approximations to systems with many more
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levels. For example, most symmetric potentials in nature can be approximated by a harmonic potential for low energies,
so a harmonic-oscillator detector can model a wide range of different detector systems, from atomic electromagnetic
levels to the molecular vibrational spectrum.
Although both Ref. [59] and Ref. [60] make use of the fact that Gaussian unitary operations act via symplectic
transformations on phase space, the two approaches differ in the details of their implementation. In Ref. [60], the
symplectic dynamics are expanded in terms of the symplectic algebra, which results in an implementation that has
a minimal number of terms and thus a minimal number of differential equations to solve. In Ref. [59], on the other
hand, the authors represent the dynamics using the full matrix representation of the symplectic transformation, which
includes some redundancy in the representation of the dynamical objects—and thus more differential equations to solve.
It has the distinct advantage, however, that the equations to be solved are always linear, first-order, ordinary differential
equations. In the rest of this section, we describe the techniques of Ref. [59] in detail since these techniques have already
proven useful for practical calculations [59, 38, 55, 67], and we refer the reader to Ref. [60] for details of the alternate
method, which may yet prove to be advantageous in certain scenarios.
The idea of using harmonic oscillators in relativistic quantum field theory as particle detectors to obtain non-
perturbative results was first explored by Bei-Lok Hu and collaborators, who reported interesting analytical results in
[64]. Along with its considerable technical accomplishments, this approach emphasised that the Unruh effect is not
reliant on gravitational or geometrical arguments but can be understood as a dynamical effect insofar as it indicates
how the quantum vacuum affects the response of a detector contingent on its motion. In general, a detector detects field
quanta with a nonthermal spectrum, where the degree of nonthermality is governed by the parameter that measures the
deviation from uniform acceleration [68]. However the practical scope of this approach remains to be seen—thus far it
has been limited to very concrete problems in relativistic quantum theory [69, 70, 71] due to their complexity and the
number of assumptions and approximations required to obtain quantitative results.
The main development in [59] is the use of the symplectic formalism for Gaussian states and operations [72]
applied to generally time dependent multimode scenarios. In doing so, the authors prove that the quantum evolution
of relativistic particle detectors coupled to quantum fields can be solved nonperturbatively. Many of the scenarios of
interest in relativistic quantum theory involve quadratic Hamiltonians and Gaussian states (vacuum, thermal states,
squeezed states, etc.), making this formalism widely applicable.
In particular, the authors show how this approach can be used to compute the full time evolution of systems of
detectors coupled to quantum fields in cavity settings for
(i) arbitrary time-dependent trajectories and spacetime backgrounds;
(ii) arbitrary quadratic, time-dependent interaction Hamiltonians and boundary conditions;
(iii) arbitrary Gaussian initial states of the field modes and detectors;
(iv) any number of detectors;
all beyond the limitations of perturbation theory. With this formalism, it is possible to overcome causality violation
problems of single (or few) mode approximations for detectors undergoing general trajectories [73, 48]. The results in
[59] are devoid of faster-than-light signalling, unlike previous results limited to single mode approaches [66].
We would like to emphasise the importance of this non-perturbative approach: The usual perturbative methods
cannot analyze physically interesting scenarios as, for instance, ultra-strong coupling in circuit QED [74], or the problem
of thermalization of an accelerated Unruh-Dewitt detector [55].
The limitation of this approach is that, in practice, one is forced to apply an infrared cutoff to the field. However, an
infrared cutoff naturally appears when studying quantum field theories in finite volumes (e.g., optical cavities, periodic
waveguides, etc.), and so this formalism enables us to non-perturbatively solve problems of quantum field theories in
curved spacetimes inside cavities, a matter of great interest that has not been thoroughly explored to date. If a tabletop
experiment in which relativistic quantum phenomena is to appear, discrete systems [75] or superconducting circuits
[76, 77] have an edge on experimental feasibility.
Let us briefly summarise the technique following [59]: We write the most general X-X type Hamiltonian for an
arbitrary number of detectors undergoing general trajectories with different proper times τj and with general time
dependent couplings. We choose to take the quantization frame to correspond to a stationary inertial observer t.
Writing the Hamiltonian that generates translations with repsect to the time parameter t in the Heisenberg picture
yields
HˆH,t =
N∑
n=1
ωnaˆ
†
naˆn +
M∑
j=1
dτj(t)
dt
[
Ωj aˆ
†
dj
aˆdj +
N∑
n=1
λnj(t)(aˆdj + aˆ
†
dj
)
(
aˆnvn[xj(t)] + aˆ
†
nvn[xj(t)]
)]
(45)
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where xj(t) is the trajectory of the j-th detector parametrised in terms of the global Minkowskian time t, and all
operators are now understood to be in their Heisenberg representation. Working in this representation allows us to
derive a simple, number-valued equation of motion that describes the full evolution of the detectors+field state.
Following [59] we consider the Heisenberg quadrature operators (qˆdj (t), pˆdj (t)) for each detector and (qˆn(t), pˆn(t))
for each field mode. The usual compact notation consists of stacking these operators on top of each other to form the
following vector of operators, while omitting the explicit t-dependence for clarity:
xˆ := (qˆd1 , . . . , qˆdM , qˆ1, . . . , qˆN , pˆd1 , . . . , pˆdM , pˆ1, . . . , pˆN )
T
, (46)
where
qˆi =
1√
2
(
aˆi + aˆ
†
i
)
, pˆi =
i√
2
(
aˆ†i − aˆi
)
(47)
are respectively the Heisenberg picture canonical position and momentum of every single oscillator. Note that the
transpose operation T merely transposes the shape of an operator-valued vector; it does nothing to the operators
themselves.
If we neglect phase-space displacements, a Gaussian state [78] is fully characterised by a covariance matrix σ, the
entries of which are
σij ≡ 〈xˆixˆj + xˆj xˆi〉 − 2〈xˆi〉〈xˆj〉 . (48)
Although in general, displacements will be required for a full description of Gaussian states and evolution, if the initial
state is zero-mean Gaussian state (such as, e.g., the ground state for the detectors and the vacuum, squeezed vacuum
or thermal state for the field), then the lack of linear terms in our Hamiltonian means that the state remains at zero
mean at all times.
To compute time evolution, we utilise the fact that quadratic Hamiltonians preserve Gaussianity [72]. This means
that quadrature operators get mapped to linear combinations of quadrature operators:
xˆ′ = Uˆ†xˆUˆ = Sxˆ , (49)
where S is a symplectic matrix of c-numbers that acts via matrix multiplication on xˆ as a vector, while Uˆ is a unitary
operator that acts on the individual operators within xˆ. Although in general there would be a phase-space displacement
term, which would give xˆ′ = Sxˆ + y, we are neglecting this as justified above.
The symplectic nature of S is guaranteed because the commutation relations must be preserved, giving rise to a
symplectic form Ω to be preserved by the Heisenberg matrix action. Using the notation of Ref. [59], Ω has elements
Ωij = −i
[
xˆi, xˆj
]
. That S is symplectic means that SΩST = Ω, which follows from requiring that the new commutation
relations must be fulfilled at all times: [Sxˆ, (Sxˆ)T] = iΩ. (See Ref. [59, 79] for more details.)
A general quadratic Hamiltonian generates a Gaussian unitary Uˆ(t) that is associated, by Eq. (49), with a symplectic
matrix S(t), which satisfies
xˆ(t) = Uˆ(t)†xˆ0Uˆ(t) = S(t)xˆ0 , (50)
where all time dependence (or lack thereof) is indicated explicitly, and xˆ0 is the initial vector of quadratures at t = 0.
Correspondingly, the Schro¨dinger evolution of the state, as given by the evolution of the covariance matrix, takes the
form
σ(t) = S(t)σ0S(t)
T, (51)
where σ0 is the initial state.
The authors of [59] find a differential equation for S(t) that represents the evolution generated by a quadratic
Hamiltonian. They first rewrite a general time-dependent, quadratic, Heisenberg-picture Hamiltonian H generating
time translations with respect to the time coordinate t as
Hˆ = xˆTF(t)xˆ , (52)
where F(t) is a Hermitian matrix of c-numbers containing any explicit time-dependence of the Hamiltonian. Then they
rewrite the Heisenberg equation for the time evolution of the quadratures in terms of the entries of the F matrix:
d
dt
xˆj = i
[
Hˆ, xˆj
]
= i
∑
mn
Fmn(t)
[
xˆmxˆn, xˆj
]
=
∑
mn
Fmn(t)
(
xˆmΩjn + Ωjmxˆn
)
, (53)
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which can be collected back into vector form as
d
dt
xˆ = ΩFsym(t)xˆ , Fsym = (F + FT) (54)
Using this into Eq. (50) we get
d
dt
[
S(t)
]
xˆ0 = ΩF
sym(t)S(t)xˆ0 , (55)
which after some algebra yields the following first-order, linear, ordinary differential equation for the symplectic matrix:
d
dt
S(t) = ΩFsym(t)S(t). (56)
Solving this equation with the initial condition S(0) = I such that xˆ0 = S(0)xˆ0 is equivalent to solving the standard
Hilbert space evolution with the Hamiltonian-unitary formalism.
It is common in the analysis of particle detectors in relativistic settings to write the Hamiltonian in terms of
annihilation and creation operators. To quickly show how to compute the coefficients of the F matrix in that case. Let
us stack ladder operators on top of each other to form the following column vectors:
aˆ := (aˆd1 , . . . , aˆdM , aˆ1, . . . aˆN )
T,
aˆ† := (aˆ†d1 , . . . , aˆ
†
dM
, aˆ†1, . . . aˆ
†
N )
T. (57)
The Hamiltonian from Eq. (52) can be put into the form
Hˆ = (aˆ†)Tw(t)aˆ + (aˆ†)Tg(t)aˆ† + aˆTg(t)Haˆ , (58)
where w(t) and g(t) are coefficient matrices, and MH = M∗T = MT∗ denotes the conjugate transpose of any matrix
M.
By equating (58) to (52) and comparing coefficients it is easy to obtain the form of the matrix F(t), which takes
the following block form:
F(t) =
(
A(t) X(t)
X(t)H B(t)
)
, (59)
where
A(t) =
1
2
(
w(t) + g(t) + g(t)H
)
, (60)
B(t) =
1
2
(
w(t)− g(t)− g(t)H) , (61)
X(t) =
i
2
(
w(t)− g(t) + g(t)H) . (62)
Note that we derived these results using global Minkowski time t because it is the least biased time coordinate when
there are multiple detectors involved. But any time coordinate can be used instead—such as some particular detector’s
proper time—as long as the appropriate transformation is made to the Hamiltonian as detalied in [59].
The model developed in [59] has been successfully employed in several important scenarios in quantum field theory
and relativistic quantum information, ranging from entanglement harvesting and farming [59, 38], To the analysis of
the universality of the Unruh effect in optical cavities [55] and to analyze the causality of the light-matter ninteraction
models when UV cutoffs are introduced [59, 48].
In particular, this model has been proven particularly useful in the anlysis and the predictions in situations where
it is necessary to go beyond perturbation theory. This is the case of a particle detector thermalization under constant
acceleration [55], which allowed the analysis of the universality of the Unruh effect, or the proposal of the settings
where field entanglement is harnessed through entanglement farming [38]. There is work in preparation using this
non-perturbative approach to apply the techniques of entanglement-farming to quantum metrology [67].
4 Entanglement in quantum fields
4.1 Entanglement depends on tensor-product decomposition
Generically, the vacuum of a quantum field is entangled [17, 80, 81, 82, 83]. But what does this statement actually
mean? We know from results in quantum information theory that whether a state is entangled or not depends on the
chosen tensor-product decomposition of the overall Hilbert space [84].
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In fact, if we choose to decompose the state space of a free scalar field in Minkowski spacetime [13] into plane-wave
modes,
Hfield =
⊗
k
L2(R)k , (63)
where L2(R)k is the countably infinite harmonic-oscillator state space associated with mode k, then the Minkowski
vacuum |0〉M is not entangled at all. In fact, it is nothing but a product state [85]:
|0〉M =
⊗
k
|0〉k , (64)
On the other hand, if we decompose the field into a left and right half (corresponding to left and right Rindler wedges;
see Section 2.1),
Hfield = Hleft ⊗Hright , (65)
then the Minkowski vacuum is a tensor product of two-mode squeezed (TMS) states in pairs of Rindler modes indexed
by ω [17] (see section 2.1):
|0〉M =
⊗
ω
|TMS〉(ω,I);(ω,II) , (66)
whose explicit form is given in Eq. (14). This decomposition reveals bipartite entanglement across the left-right cut.
We need not stop with a simple bipartition, however. In fact, the picture of quantum fields as a continuum limit of,
for example, a bed of coupled oscillators is useful in this case. This is the standard picture when considering quantum
fields for condensed matter systems [86], and it provides an intuition for a field as having a state space decomposable
into local Hilbert spaces associated to every point in physical space (i.e., on some Cauchy surface):
Hfield =
⊗
x
L2(R)x (67)
for bosons. Note that symmetrization is not imposed at the level of the state space but will instead be enforced explicitly
by restricting the parameters in the possible representations of field states. (These constructions can be generalised to
fermions as long as one is careful with all the subtleties involved in the definition of the tensor-product structure of the
fermionic Hilbert space [87, 88, 89].)
Recent results for (1+1)-dimensional quantum field theories use exactly this viewpoint: the variational
ansa¨tze of continuous matrix-product states (cMPS) [90] and the continuous multiscale entanglement renormalisation
ansatz (cMERA) [91] provide a compact, analytic way of representing the state of a quantum field as a path-ordered or
time-ordered exponential operator acting on local degrees of freedom at every point in space. cMPSs are most useful
for representing states of massive fields [90]:
|field state〉 = traux
{
P exp
[∫
dx
(
Q(x)⊗ 1 +R(x)⊗ ψ†(x)
)]}
|Ω〉 , (68)
where |Ω〉 is the tensor product of the local ground states of all local field degree of freedom (each with annihilation
operator ψ(x)) at every point, Q(x) and R(x) are spatially varying D ×D matrices that act on a (fictitious) auxiliary
system, P exp denotes the path-ordered exponential, and traux denotes tracing out the auxiliary system (i.e., taking the
matrix trace over the D-dimensional space on which Q and R act). For (1+1)-dimensional conformal fields, cMERA is
more appropriate than cMPS because it has scale invariance explicitly built in [91]:
|field state〉 = T exp
[
−i
∫
ds
(
K(s) + L
)]
|Ω〉 , (69)
where K(s) is a local entangling interaction, L is a scale change operation (dilation), and T exp is the time-ordered
exponential. Recall that |Ω〉 is not the (global) vacuum of the full field; it is merely the tensor product of the ground
state of each local degree of freedom. The vacuum of a quantum field therefore also admits a description in terms of
Eq. (68) or Eq. (69), as appropriate to the type of field. When viewed in this way, the interpretation of the vacuum as
an multipartite entangled state over the tensor product of many local degrees of freedom naturally follows.
The purpose of this subsection is to remind the reader explicitly that entanglement is only defined with respect to a
(freely chosen) tensor-product decomposition of the full state space. Statements about “entanglement in the field” must
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therefore be understood within this context. Ref. [84] provides guidelines for choosing an appropriate tensor-product
decomposition based on which laboratory observations are “easy” to do. This is usually—but not always—related to
which ones can be implemented locally. On the other hand, sometimes mathematical considerations might lead one to
choose a different decomposition whose physical relevance is not immediately apparent (e.g., Rindler modes or Unruh
modes [17]). In that case, one should be careful when making physical claims without first translating back to what
measurements could be made on such a system.
As a particular example of this, the presence or absence of entanglement in a quantum field does not necessarily
translate directly to what local observers would detect. The question of how to extract—or harvest [32]—entanglement
from a quantum field using local detectors will be discussed in Sec. 6. In the rest of this section, we will examine a few
examples of entanglement within quantum fields. In doing so, one should keep in mind the aforementioned caveats of
physical interpretation and applicability.
4.2 Bosonic versus fermionic field entanglement in cosmology
Even when looking at the entanglement contained in quantum fields in the simple flat spacetime case, there are strong
differences between the behaviour of fermionic and bosonic entanglement. These differences were already pointed out
in the pioneering works on field entanglement in non-inertial frames, where it was shown that fermionic and bosonic
entanglement behaves in a completely different way [92, 93, 94]. These differences were better understood and related
to the field statistics through later studies [22, 23, 95, 96, 97, 98]. In [99], the authors pointed out that there were
intrinsic ambiguities related to the formalism employed in the original works studying fermionic entanglement. This
comes about because all those works effected a map between fermionic field states into a bosonic Hilbert space endowed
with a convenient tensor product structure. Reference [99] shows the problem and proposes an effective solution too,
but it raised serious concerns about the interpretation of the previous results. Further work helped build the correct
intuition [87, 88, 89]. These works allowed for a better understanding of the behaviour of correlations in non-inertial
frames. This improved understanding lead to several unanticipated results. For example, (1) the fact that, contrary to
believe, it is not necessarily true that higher accelerations imply degradation of field entanglement [100]; and (2) the
obtention of new and more consistent insight into the nature of fermionic field entanglement in extreme limits of high
acceleration [101].
The differences between different field statistics are also present in the phenomenon of particle creation due to
the expansion of the universe in scenarios where conformal symmetry is broken. It has been previously analyzed and
compared [32] the difference in the quantum correlations present in the particle creation due to the the expansion of
spacetime in the case of massive bosonic [102] and fermionic [103] fields. These results were also reviewed in [32], so in
the following, we provide a short summary.
In the minimal coupling scenario, the covariant form of the Dirac equation is
(ieµa γ˜
aDµ +m)ψ = (iγ
µDµ +m)ψ = 0 . (70)
We can denote particle and antiparticle solutions of momentum k in the asymptotic past, respectively, as u+in(k) and
u−in(k). In the same fashion, the particle and antiparticle solutions in the asymptotic future will be denoted as u
+
out(k)
and u−out(k).
In a FLRW spacetime, the vierbein takes the form eaµ =
√
C(η)ηaµ, where C(η) = [a(η)]2 is the conformal factor.
As discussed in previous sections, given the conformal symmetry of the minimal coupling in 1+1 dimensions (up to
mass terms), we can relate the Dirac equation in the FLRW scenario to its flat-spacetime form. Using this we find, as
in the scalar case, that the Bogoliubov transformation between modes in the asymptotic past and future does not mix
solutions of different momentum:
u±in(k) = α
±
k u
±
out(k) + β
±
k u
∓∗
out(k) . (71)
If we now assume a specific form for the conformal factor, the Bogoliubov coefficients can be computed. As
discussed in [32], the same form that allowed us to obtain analytical solutions in the bosonic case will not do so in the
fermionic case. Instead we would need the vierbein field (and not the metric as in the bosonic case) to be proportional
to 1 +  tanh(ρη). This means that if we choose a form for the conformal factor given by
C(η) = [1 +  tanh(ρη)]2 , (72)
Compating this expression with Eq. (32), we see that the spacetime acquires exactly the same interesting properties as
in the scalar scenario. It describes a process of asymptotic flatness followed by a smooth transition to fast expansion
and later followed by a smooth transition to asymptotic flatness again at a larger scale factor. The asymptotic flatness
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at both ends allows us to define ‘in’ and ‘out’ particle states. The similarity between this spin- 12 case and the scalar
case allows us to directly compare the qualitative results obtained in each.
Following a process completely analogous to what lead us to Eq. (21) and Eq. (22), we obtain the form of the
Bogoliubov coefficients, and from them we obtain the form of the ‘out’ annihilation operators in terms of ‘in’ annihilation
and creation operators, following the process detailed in [32, 103]:
aout,k,σ =
Kin
Kout
(
α−k ain,k,σ + β
−∗
k
∑
σ′
Xσ′σ(−k)b†in,−k,σ′
)
, (73)
bout,k,σ =
Kin
Kout
(
α−k bin,k,σ − β−∗k
∑
σ′
Xσσ′(k)a
†
in,−k,σ′
)
, (74)
where σ = ±. The polarisation tensor then takes the form
Xσσ′(k) = −2µ2outK2outU¯out(−k, σ′)V (0, σ) , (75)
where
Kin/out =
1
|k|
√
ωin/out(k)− µin/out
µin/out
, (76)
U¯out(k, σ) is a spinor solution of the Dirac equation in the curved background, and V (k, σ) is a flat-spacetime antiparticle
spinor [31].
If we operate as we did with the scalar case and consider 1+1 dimensions, a and regard the Dirac field a Grasmann
scalar field [97]. In this case, Eq. (73) and Eq. (74) are greatly simplified [103]. With the same technique used to obtain
Eq. (24), we obtain the form of the vacuum state in the asymptotic past in terms of particle and antiparticle modes
in the asymptotic future demanding that the operators ain,k,σ and bin,k,σ annihilate the ‘in’ vacuum in the ‘out’ basis.
This yields the following expression for the ‘in’ vacuum state in terms of ‘out’ modes:
|0〉in =
⊗
k
1√
1 + |θF|2
(
|0〉out − θF b†out,ka†out,−k|0〉out
)
, θF =
β−∗k
α−∗k
µout
|k|
(
1− ωout
µout
)
. (77)
The entanglement entropy of this state was obtained in Ref. [103] as
SF = log
 1 + |θF|2
|θF|
2|θF|2
|θF|2+1
 , (78)
Both for the bosonic and the fermionic case the entropy is zero when the mass of the field vanishes, this being the
result of an equivalence between minimal and conformal coupling in 1+1 dimensions. In that case the ‘in’ vacuum would
be simply the conformal vacuum, which, as discussed above, remains invariant under time evolution.
When conformal symmetry is broken, both scalar and Dirac field modes become entangled due to the expansion of
the universe. In both cases, the amount of entanglement generated in the field due to the expansion codifies information
about the underlying spacetime. However, as analysed in Refs. [32, 103], there are fundamental differences in the spectral
behaviour of that entanglement. In Fig. 2, it is shown how the entanglement depends on the momentum of the field
mode for different values of the parameter ρ. For the Dirac case, entanglement peaks at a certain momentum, while for
the scalar field, entanglement monotonically decreases with momentum and has its maximum at |k| = 0. In contrast to
the scalar field, for the Dirac field, there is a privileged value of |k| for which the expansion of the spacetime generates
a large amount of entanglement. Modes of that characteristic frequency are far more prone to entanglement than any
others.
In Ref. [103], an attempt to interpret this phenomenon is given. It is based on the fact that the optimal value
of |k| can be associated with a characteristic wavelength (proportional to |k|−1) that is increasingly correlated with a
characteristic length of the universe. Intuitively, fermion modes with higher characteristic lengths are less sensitive to the
underlying spacetime because the exclusion principle impedes the excitation of very long-wavelength modes—i.e., those
whose |k| → 0. For bosons, where this constraint does not exist, the entanglement generation is higher when |k| → 0.
This can be intuitively explained by the fact that modes of smaller |k| are more easily excited as the spacetime expands
since it is energetically much cheaper to excite smaller |k| modes.
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Figure 2. [Based on figures in Ref. [103]] Bosonic field (left) and fermionic field (right): Entropy of entanglement for a
fixed mass m = 1 as a function of |k| for different rapidities ρ = 1, . . . , 40, with a fixed value of  = 1.
This natural emergence of a privileged mode in the fermion field is very sensitive to the expansion parameters
and thus more efficiently encodes information about the underlying spacetime than in the scalar case as discussed
In Refs. [103, 32]. While the expansion of the universe without conformal symmetry has been proven to generate
entanglement regardless of the boson or fermion nature of the quantum field, we have seen that Dirac fields seem to
codify more information about the underlying expansion, revealing that field statistics can play a key role in the way in
which the expansion of the universe generates entanglement in quantum fields.
5 The echo of the early universe in vacuum fluctuations
It has been recently proposed that the vacuum fluctuations of a quantum field, observed by comoving observers, may
contain information about the very early stages of the Universe, and that this information could be readable even
nowadays. In [104] this question has been analyzed employing a toy model inspired by curved-spacetime QFT, quantum
optics and relativistic quantum information [50]. Namely, [104] estimates the signatures of the early-universe spacetime
background on a quantum system which was coupled to a scalar field during the early stages of the universe and whose
interaction has remained switched on until our era.
In summary, in this work the authors estimate the impact that deviations from the predictions of general relativity
may have on interactions that break conformal symmetry during early times (where the energy density was comparable
to the Plank scale). They make use of an Unruh-DeWitt detector interaction model and evaluate the sensitivity and
the memory of the detector’s vacuum response to Planck-scale physics under the most conservative possible hypothesis.
With this in mind, they analyze the response of such an idealised particle detector which has remained coupled to matter
fields from the early stages of the Universe until today. The authors pose the question whether this detector would
conserve any information from the time when it witnessed the very early Universe dynamics, encoded in its vacuum
response.
Intuitively, one would think that any effect imprinted on the response of the detector in the early Universe would
have been most likely washed out after the overwhelming amount of time from the Planck scale to our era. Hence, it
may seem that there is little hope in finding any trace of early Universe physics in the vacuum response of the particle
detector today. Consequently, the idea of looking for signatures of quantum gravitational effects on a particle detector
that was coupled to matter during some interesting period of time close to the Plank scale—and then remained coupled
for the entire life of the Universe—may sound, at first sight, far fetched. The authors of [104] challenge this statement.
The authors compare two different scenarios, one in which the universe dynamics is dictated by classical General
Relativity (GR), with another where they adopt the effective dynamics predicted by Loop Quantum Cosmology
(LQC) [105, 106, 107, 108]. Both dynamics disagree only when matter-energy densities were comparable to the Planck
scale.
Note that the use of Loop Quantum Cosmology in this work is of little relevance and constitutes just a convenient
means to assess the impact of a different spacetime dynamics from that predicted by GR during the early stages of the
universe. Indeed, the conclusion of the paper is independent of the validity or not of LQC as a reasonable model of
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quantum cosmology. Even if the correct theory of gravitation does predict that there is no such thing as a spacetime
geometry near the Plank scale, one would still expect that there have to be intermediate energy scales where a semi-
classical theory, stemming from effective quantum corrections to Friedmann equations, would predict, for a short time,
an effective spacetime geometry that deviates from GR though the effective quantum corrections, much in the same
manner as post-Newtonian gravity approximates general relativity in intermediate energy scales.
As stated above, the authors compare classical General Relativity with effective Loop Quantum Cosmology. For
that, they consider a spatially flat, homogeneous and isotropic Universe, ds2 = a(t)[−dη(t)2 + dx2], with a massless
scalar ϕ as matter source. The scale factor for each dynamics is [104]
aGR(t) =
(`p
2pi2ϕ)
1/6
L
t1/3, aLQC(t) =
l
L
(
pi2ϕ
`p
2
)1/6 [
1 +
(
`p
2
l3
)2
t2
]1/6
, (79)
and the conformal time η in terms of the comoving time t is
ηGR(t) =
3L t2/3
2(`p
2pi2ϕ)
1/6
, ηLQC(t) =
L
l
(
`p
2
pi2ϕ
)1/6
t · 2F1
[
1
6
,
1
2
,
3
2
,−
(
`p
2
l3
t
)2]
. (80)
Here, `p =
√
12piG is the Planck length, piϕ is the momentum conjugate to ϕ and is a constant of motion, l is a
quantization parameter (in LQC the volume has a discrete spectrum equally spaced by 2l3 units) [106, 107], and 2F1 is
an ordinary hypergeometric function. They consider a three-torus spatial topology, with coordinates in the interval [0, L].
For compactification scales larger than the observable Universe, this flat topology is compatible with observations [109].
The classical GR solution, aGR(t) = liml→0 aLQC(t), displays a big-bang singularity at t = 0. In contrast, aLQC(t)
never vanishes (see Fig. 3). LQC replaces this singularity by a big-bounce, i.e., the Universe shrinks for t < 0, bounces
at t = 0, and expands for t > 0. In the limit t l3/`p2, ηLQC(t)→ ηGR(t) + β with
β =
l2L
√
pi Γ
(− 13)
(pi2ϕ`p
10)1/62Γ
(
1
6
)
2 4 6 8 10
5
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a(t)L
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Figure 3. Scale factor as a function of the proper time for l = 1, piϕ = 1000. The dashed blue curve represents
the classical scale factor aGR(t)L and the solid red curve corresponds to the LQC effective scale factor aLQC(t)L. All
quantities are expressed in Planck units, i.e. `p = 1.
On top of this background, the authors consider a conformal massless scalar field φ filling the Universe. The choice
of both the coupling to curvature and the initial state of the field respond to a conservative hypothesis: As discussed
in Sec 3.2, if the initial state of the field is different from the conformal vacuum, there is particle creation due to
the expansion of the universe. This will be dependent on the early-universe dynamics and contribute to increase the
signature on the detector. If we want to be conservative with respect to the vacuum noise signature on the detector,
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we have to choose as initial state the one that minimises particle creation. The most conservative hypothesis is thus
to consider the state of the field to be the conformal vacuum, which remains invariant as the Universe expands [110].
The field operator is φˆ =
∑
n(aun + a
†u∗n) with a (a
†) the corresponding annihilation (creation) operators. This Fock
quantization is the only one (up to unitary equivalence) with a vacuum invariant under the spatial isometries and unitary
quantum dynamics [111, 112]. In the above expression, note that n 6= 0. As discussed in [111, 112], in [104] the zero
mode dynamics is ignored. This is done assuming that the state of the zero mode can be kept under control. this is a
subtle point deeply analyzed in [113], where it is discussed under what circumstances this is a reasonable hypothesis.
In [104], the authors assume that the detector is not coupled to this mode, restricting the sums to n 6= 0. The unitary
evolution and the uniqueness of the representation do not depend on the removal of a finite number of degrees of freedom.
Furthermore, one can see that the coupling of the detector to the zero mode n = 0 of the field is not relevant to the
effects reported in this article if considered in a ‘safe’ state as described in [113]. Something that can be readily seen by,
for instance, introducing a small field mass or an IR regularization, or by coupling the detector to the derivative of the
field instead of the field itself [114, 115] (a model that is free from IR divergencies and for which the zero mode influence
can be more easily minimised [113]).
Now, the proper time of comoving observers (who see an isotropic expansion) does not coincide with the conformal
time. Hence, comoving detectors actually detect particles even in the conformal vacuum [110]. This is the well-known
Gibbons-Hawking effect [58], which we analyze to identify signatures of quantum gravitational effects on the particle
detector (See section 3.2).
The authors consider an Unruh-DeWitt detector stationary in the comoving frame, x(t) = x0, and initially in its
ground state. Recall that the Hamiltonian of the coupled system in the interaction picture is HˆI(t) = λ χ(t)(σ
+eiΩt +
σ−e−iΩt)φˆ[x(t), η(t)], where λ is the coupling strength, χ(t) is the detector’s switching function, [x(t), η(t)] represents
the detector’s worldline, Ω is its energy gap, and σ± are SU(2) ladder operators. Assuming a small enough λ, we can
compute the transition probabilities for the detector switched on at T0 to be excited at time T within perturbation
theory:
Pe(T0, T ) = λ
2
∑
n
|In(T0, T )|2 +O(λ4), (81)
In(T0, T ) =
∫ T
T0
dt
χ(t)
a(t)
√
2ωnL3
e−
2piin·x0
L ei[Ωt+ωnη(t)]. (82)
Here, ωn =
2pi
L |n|, and n = (nx, ny, nz) ∈ Z3.
To see how sensitive the response of the detector is to the early universe physics, we can compare the probabilities
for the detector to get excited when the Universe evolves under LQC dynamics (with quantization length l) and GR
(the limit l → 0 )—i.e., under the dynamics PLQCe (T0, T ) and PGRe (T0, T ), respectively. We are going to divide the
integrals in two intervals. Consider that Tm ∈ (T0, T ) is a short time sufficiently large for ηLQC(Tm) ≈ ηGR(Tm) + β,
typically few times l3/`p
2. Then we split the GR and LQC integrals (both of the form (82)) into two intervals: a tiny
interval t ∈ [T0, Tm] (comparable to the Planck sale), where LQC and GR appreciably predict different dynamics, and
t ∈ [Tm, T ], where both dynamics are essentially the same. This gives
PGRe (T0, T ) = λ
2
∑
n
∣∣∣∣IGRn (T0, Tm) + IGRn (Tm, T )∣∣∣∣2 +O(λ4), (83)
PLQCe (T0, T ) = λ
2
∑
n
∣∣∣∣ILQCn (T0, Tm) + eiβωnIGRn (Tm, T )∣∣∣∣2 +O(λ4). (84)
The first shocking observation is that the difference of the detector’s particle counting in both scenarios, which we call
∆Pe(T0, T ), will be considerable, even for T  l3/`p2—that is, if we look at the detector nowadays. If we compute the
difference in the particle counting of the detector in both scenarios we get
∆Pe(T0, T ) ≡ PLQCe (T0, T )− PGRe (T0, T ) = λ2
∑
n
[ ∣∣ILQCn (T0, Tm)∣∣2 − ∣∣IGRn (T0, Tm)∣∣2
+ 2Re
(
IGRn
∗
(Tm, T )
[
e−iβωnILQCn (T0, Tm)− IGRn (T0, Tm)
])]
+O(λ4). (85)
This tells us that even if
∣∣IGRn (T0, Tm)∣∣2− ∣∣ILQCn (T0, Tm)∣∣ 1, the difference between the two dynamics during the early
universe stage gets multiplied by the long time integral IGRn
∗
(Tm, T ).
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Figure 4. Logarithmic plot of the relative difference of the averaged probabilities, E, as a function of the parameter
l, for the 4 different switching functions (88), (89), (90), (91); and for Ω  `p2/l3 and piϕ = 1000. The detector is
switched on at T0 = 0.01 (some early time after the bounce). The variation of the response of the detector (the intensity
of Gibbons-Hawking type quantum fluctuations) grows exponentially with l.
Now one can study how sensitive the response of the detector is to the LQC quantum parameter l that characterises
the size of the quantum of volume (l3). With this aim the authors use as estimator the mean relative difference between
probabilities of excitation averaged over a long interval in the late time regime ∆T = T −Tlate, with ∆T, Tlate  l3/`p2:
E =
〈 〈∆Pe(T0, T )〉T
〈PGRe (T0, T )〉T
〉
∆T
. (86)
This estimator tells us the difference in magnitude between the number of clicks of the detector in the GR and LQC
backgrounds. The internal averages in (86) are given by
〈Pe(T0, T )〉T =
1
T
∫ T
T−T
Pe(T0, T
′) dT ′, (87)
where T  l3/`p2 is the time resolution with which we can probe the detector. This is so because it is not possible
to resolve times as small as l3/`p
2 (roughly, the Planck scale), so any observation made on particle detectors today
will necessarily be averaged over many Planck times. Moreover, in order to remove any possible spurious effects of the
big differences in the scales of the problem, the authors consider a particle detector with a subplanckian energy gap
Ω `p2/l3. One may legitimately wonder if these practical considerations may destroy the early Universe signal. Indeed,
these constraints partially erase the observable difference between the response of the detector in the two scenarios.
Remarkably, the difference between the long time averaged response of highly sub-Planckian detectors in the GR and
LQC scenarios (86) remains non-negligible even under these coarse-graining conditions. As shown in Fig. 4, the variation
of the response of the detector (the intensity of Gibbons-Hawking-type quantum fluctuations) grows exponentially with
the size of the quantum of length l. Notice that in this figure, several different switching functions have been employed—
namely,
χ1(t) = 1, (88)
χ2(t) =
{
min [(t− T0)/δ, 1] t < (T + T0)/2
min [(T − t)/δ, 1] t ≥ (T + T0)/2,
(89)
χ3(t) = tanh
(
t−T0
δ
)− tanh ( t−Tδ )+ tanh (T0−Tδ ) , (90)
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Figure 5. Compactly supported continous switching functions defined from t = T0 = 10 to t = T = 110. Following
function (89), in [a], the detector is switched on at time T0 then the intensity of the coupling increases linearly reaching a
constant value, then ramps down to zero linearly. Following function (90), in [b], the detector is switched on at time T0
and ramps up following an analytical switching function that quickly tends to a constant value and that decreases down
to zero near the final time T in the same manner. Following function (91), in [c] the detector is analytically swtiched
on more smoothly than in the case a), being the switching function compactly supported and analytical in all its domain
including t = T0 and t = T . The scale of the ramping up and down of the switching is controlled via the characteristic time
parameter δ as shown in (89), (90) and (91). The Y-axis in these plots is expressed in units of the coupling strength λ.
χ4(t) =

S [(t− T0)/δ] t < T0 + piδ
1 t ∈ [T0 + piδ, T − piδ)
S [(T − t)/δ] t ≥ T − piδ,
(91)
where S(x) = [1− tanh(cotx)]/2 and δ controls the ramping up. These are illustrated in Fig. 5,
As a consequence of this exponential trend, l cannot be much beyond the Planck scale or the effects would be
too large nowadays. This suggests that cosmological observations could put stringent upper bounds to the size of the
quantum of volume in LQC or, equivalently, to the time scale Tm when the quantum dynamics corrections become
negligible.
Notice that in Fig. 4 we see how the effect does not depend on the timescale of the detector’s activation or the nature
of the switching function [104]. It is known that in 3+1D, the sudden switching χ1(t) this leads to UV divergent integrals
that only depend on the switching and not on the state of the field or the background geometry [116]. Nevertheless, as
the authors are computing differences in probabilities of detectors with the same switching functions, their results are
devoid of any such switching effect (including UV divergences). That is the reason why χ1(t) also produces the same
results as the continuous switchings.
Although, obviously, this is a rather simplified toy model, it captures the essence of a key phenomenon: Quantum
field fluctuations are extremely sensitive to the physics of the early Universe. More importantly, the signatures of these
fluctuations survive in the current era.
It is important to emphasise that the use of LQC in this derivation is rather irrelevant: The authors assert that their
result is far more general, and they use LQC just as a convenient example of an early Universe dynamics model different
from GR. For any other model there has to be intermediate energy scales where a semi-classical theory is applicable,
producing effective quantum corrections to the Friedmann equations. This will predict, for a short time, a spacetime
dynamics which deviates from GR through quantum corrections. The main result in [104] prevails: The response of a
particle detector today carries the imprint of the specific dynamics of the spacetime in the early Universe.
It has been recently discussed [117] that the violation of the strong Huygens effect (see [118]) in curved spacetimes
can give raise to the propagation of information within the timelike region of the light cone even if the field through
which information propagates is a massless one. Inspired by the results on entanglement harvesting and relativistic
quantum communication [37, 48, 77, 117], current research derived from the results summarised above [104] aims toward
extending this methodology to further explore this combination of cosmology and quantum information—in particular,
to study the bounds to optimal transmission and recovery of information propagated through cosmological catastrophes
such as the Big Bang, inflation or a quantum bounce [119].
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6 Entanglement harvesting
6.1 Violating Bell inequalities in vacuum
As discussed in Sec. 4, the vacuum of a quantum field is entangled with respect to local degrees of freedom. But in
that section it was also stressed that the presence or absence of entanglement does not necessarily dictate observable
effects of laboratory experiments. In 2003, Reznik [120] bridged this gap by showing that field entanglement can be
extracted by local quantum systems interacting with the field in a spacelike separated way. In that proposal, two
quantum systems (qubits) begin in their respective ground states and interact with the field locally for a short time.
These interaction events are spacelike separated to ensure that any entanglement obtained has been swapped from the
field (since entanglement cannot be increased solely by local operations and classical communication [121]).
Having established that entanglement can be harvested from quantum fields a natural next question to ask is, “What
can it be used for?” Reznik and coauthors showed in 2005 [37] that harvested entanglement admits a practical use—in
particular, demonstrating violation of a Bell inequality. While not particularly useful for any application, this result
at least established that naturally occurring field entanglement is “real” entanglement in the sense of demonstrating
a testable violation of local causality [122]. Subsequent work showed that this entanglement is sensitive to many
parameters—sometimes highly so. These include the background spacetime and state of the field [123], the type of
field [124], and the relative separation and state of motion of the detectors [125]. While each of these results suggests
a potential application, none of them is immediately practical. One of the main problems is the exceptionally small
amount of entanglement that can be harvested under the condition of spacelike separation.
Having the detection events spacelike separated was useful as a foil for skeptics who might wonder if the entanglement
in the field is really being harvested or if the field is simply a medium for performing a nonlocal operation, which
directly prepares an entangled state. If it were the latter, then the question of the physicality of a field’s vacuum
entanglement would remain open. This physicality already having been established by previous results with strict
spacelike separation [120, 37], further applications of entanglement harvesting might wish to relax the condition of
spacelike separation in order to boost the strength of the quantum correlations to detectable levels.
One particularly promising method of entanglement harvesting represents an evolution from a hunter-gatherer
approach to an agricultural one: In so-called entanglement farming [38], pairs of detectors interact sequentially with
a field in a cavity, each for a short time (but not spacelike separated), harvesting entanglement and also modifying
the field state as each one does so. Eventually, the field state reaches a (long-time meta-stable) fixed point from which
additional detector pairs will harvest entanglement at a constant rate, each one exiting the cavity in the same state. This
fixed-point state is robust to small perturbations in the initial conditions, justifying it being called ‘farming’. Inspired by
the results from Ref. [125] that show that harvested entanglement is highly sensitive to distance, this farming approach
was adapted in recent work [67] to serve as a “quantum seismograph” capable of detecting vibrations of the enclosing
cavity through a change in the harvested entanglement. The rest of this section summarises recent progress in these
directions.
6.2 Entanglement harvesting with qubit detectors
To date, in all entanglement-harvesting scenarios using qubits as detectors [120, 37, 123, 124, 125], results are obtained
using an Unruh-DeWitt coupling, Eq. (42), between the field and detector. The detectors have identical energy gaps Ω
and are assumed to have identical switching functions χ(τ) [see Eq. (42)], which time-dependently moderate the overall
Unruh-DeWitt coupling strength λ  1 as a function of proper time τ . In the next two subsections, the switching
function is taken to be a Gaussian with standard deviation σ  L, where L is the separation between the detectors.
Therefore, the detection events are not strictly spacelike separated, although the nontrivial part of the detection events
are so.
Applying the positive partial transpose criterion [126], which is necessary and sufficient to prove separability of two
qubits [127], to the reduced density matrix of the detectors, one can show that the detectors are entangled if and only
if [37, 123, 125]
|X| > A , (92)
where A is the probability of exactly one of the detectors to be excited, and X is an off-diagonal term in the density
matrix that corresponds to a Casimir-like effect [117] between the two detectors. This is sometimes referred to as an
amplitude for exchange of virtual particles between them [37]. Up to O(λ2), these are explicitly
A = λ2
∫ ∞
−∞
dτ
∫ ∞
−∞
dτ ′χ(τ)χ(τ ′)e−iΩ(τ−τ
′)D+(x(τ);x(τ ′)) (93)
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and
X = −λ2
∫ ∞
−∞
dτ
∫ τ
−∞
dτ ′χ(τ)χ(τ ′)eiΩ(τ+τ
′)[D+(xa(τ);xb(τ
′)) +D+(xb(τ);xa(τ ′))], (94)
where D+(x;x′) = 〈φ(x)φ(x′)〉 is the Wightman function for the field φ. In the case of the Minkowski vacuum, this is
given by Eq. (3.59) of Ref. [13]:
D+(x(τ);x′(τ ′)) =
−1
4pi2[(t− t′ − i)2 − |x− x′|2] , (95)
and we set  → 0+ at the end of all calculations. (For other spacetimes and/or other field states, this has a different
form [123, 124, 125].) Note that the Wightman function as used in X contains the trajectories for both detectors, xa(τ)
and xb(τ), while A only makes use of a single detector’s trajectory, applying equally well to either xa(τ) or xb(τ), due
to symmetry.
The differences in the harvested entanglement result from different detector trajectories [captured in x(a,b)(τ)] and
different field states and background spacetime [captured in D+(x;x′)]. In all cases, the authors assume a massless,
conformally coupled scalar field in (3+1)-dimensional spacetime.
6.3 Entangling power of an expanding universe
Starting from the discovery by Reznik that entanglement can be harvested from a field by local detectors [120] and used as
a resource [37], Ver Steeg and Menicucci in 2009 proposed to detect expansion of the universe through its entanglement-
harvesting signature [123]. This was interesting because it proposed to link a usable quantum information-theoretic
resource (harvested entanglement) with an aspect of general relativity and cosmology (de Sitter expansion).
The authors consider two detectors on comoving trajectories (and therefore inertial) in a de Sitter universe with
expansion rate κ. Each detector perceives thermal radiation identical to the response that would also be obtained if
the spacetime were Minkowski and the field had just been heated up to an actual thermal state in some rest frame,
with both detectors at rest in that same frame. As such, a single inertial detector cannot distinguish an empty but
exponentially expanding universe from a heated one that is not expanding. The authors proceed to show that when
the detectors are used together to harvest entanglement, however, there is a detectable difference that can be used to
distinguish the two cases.
For the expanding case, a conformally invariant setup (conformal field and conformal vacuum) was chosen for
calculational simplicity, but this also has a physical significance as not producing any actual particles if the expansion
were to cease later on (see Sec. 2.2). In this way, it is the most conservative choice in terms of minimal particle
production. More recently, Nambu [124] showed that minimal coupling instead of conformal coupling leads to a very
different entanglement-harvesting profile. Since minimal coupling is used in many inflationary models [10], this is an
important case to consider. In what follows, we just summarise Ref. [123] and refer the reader to Ref. [124] for more
details on the minimally coupled case.
It should be noted that the conformal vacuum also coincides with the massless limit of the adiabatic vacuum for
de Sitter spacetime [13]. Thus, the physical setup is equivalent to the following two modifications of the Minkowski
vacuum: (1) very slowly heating the universe to a temperature T , and (2) very slowly ramping up the de Sitter expansion
rate (from zero) to a final value of κ, with T = κ/2pi. In both cases, the detectors are activated only long after this
smooth transition is complete, and each detector responds as if it were bathed in thermal radiation in its own rest
frame. The Gibbons-Hawking effect [19] is used to link the perceived temperature in the de Sitter case with the actual
temperature in the thermal case so that access to one detector alone cannot distinguish the two cases.
Using detectors as in Sec. 6.2 above, the regions in parameter space for which entanglement harvesting is possible
by comoving detectors in the three cases of expanding, heated, and the Minkowski vacuum (T → 0 limit of the other
two) can be found either numerically [123] or analytically using a stationary phase approximation [124, 125]. For the
expanding case, entanglement can be harvested if and only if
Lκ
2
< sin(κσ2Ω) . (96)
In the case of a thermal Minkowski universe, the condition for entanglement harvesting is
Lκ
2
tanh
(
Lκ
2
)
< sin2(κσ2Ω) . (97)
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Figure 6. [Adapted from Ref. [125]] (Left) Allowed regions of entanglement harvesting; see text for meaning of
parameters and details of physical setup. Blue: comoving detectors in de Sitter conformal vacuum (Sec. 6.3) and also
parallel accelerating detectors in Minkowski vacuum (Sec. 6.4). Red+blue: inertial detectors in Minkowski thermal bath at
same perceived temperature. Green+red+blue: inertial detectors in Minkowski vacuum (κ→ 0). (Right) Entanglement
profile for anti-parallel accelerated detectors. Harvesting is possible in the blue region. Blue, red, and green lines
are corresponding borders of the regions in the left panel. The (mostly) horizontal contours are lines of constant log-
negativity [121] of harvested entanglement, with more entanglement toward the bottom. The four features discussed in
Sec. 6.4 are illustrated as follows: (1) The portion of the blue region below the green line is the region of enhancement
over inertial detectors. (2) Orange line shows the critical distance, Eq. (102), for entanglement resonance. (3) The curved
bump on the left-hand side is due to the causal residue contribution. (4) The triangular region in the upper half and with
Lκ > 2 corresponds to the noncausal residue contribution.
The boundary for the Minkowski vacuum can be found by taking the κ→ 0 limit of either of these:
L
2
< σ2Ω . (98)
These regions are shown in the left plot of Fig. 6. Notice that there exists a region of parameter space in which a heated
universe entangles the detectors while an expanding universe at the same perceived temperature does not. As such, the
two types of universes can be distinguished by their “entangling power” with respect to local inertial detectors.
In both the thermal Minkowski and de Sitter vacuum cases, the region of entanglement is a proper subset of that
of the Minkowski vacuum case. In the thermal case, this is expected because the thermal state has higher entropy, but
this is somewhat surprising for the expanding case since the state is still a type of vacuum.
For the expanding case, we consider the behavior of the entire system in conformal time rather than in the detectors’
proper time. Since the field is conformally invariant, the modes behave like ordinary Minkowski modes with respect to
conformal time [13]. To be resonant with these modes, a detector would need to have a fixed resonance frequency in
conformal time, which has the same dynamics as those of a detector with a changing frequency in proper time. Were
the detectors tuned in this nonstandard way, one could recover all the entanglement of the Minkowski vacuum (simply
by being resonant with the same modes in conformal time rather than ordinary time). Ordinary detectors, however,
have a fixed frequency in proper time, which corresponds to a time-varying frequency with respect to conformal time.
Therefore, the detectors are time-dependently sweeping in and out of resonance with individual Minkowski modes due
to the expansion. This effect gives rise to greater noise (i.e., larger A) in each detector due to the counter-rotating terms
in the Unruh-DeWitt coupling, Eq. (42), and this acts to reduce the harvested entanglement.
Notice that the difference between the expanding and thermal cases only really shows up when Lκ > 1, which is
precisely when the detectors are separated (L) by more than a cosmic horizon distance (κ−1). Thus, the detectors cannot
communicate with each other to verify their entanglement, nor can they use the entanglement for quantum teleportation
or long-distance quantum communication with each other since teleportation still requires classical communication of
local measurement results [128].
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Figure 7. [Adapted from Ref. [125]] Worldlines of two detectors undergoing anti-parallel (left panel) or parallel (right
panel) uniform acceleration of equal magnitude. The grey lines indicate the Rindler wedges associated with each trajectory.
Imagine, however, that the detectors are mounted on satellites that can communicate with a “home planet” half-way
between them. Assuming many repetitions of (attempted) entanglement harvesting, followed by a local measurement
protocol to verify separability or entanglement, which is always possible [129, 130], classical data can be sent to this
home planet for verification. Furthermore, given an initial source of entanglement between the home planet and each
satellite separately, any entanglement harvested from the quantum field could be swapped via teleportation back to the
home planet [128, 131]. This method of remote entanglement harvesting is impractical since the harvested entanglement
is way too small [123], but the thought experiment shows that in principle the existence of this entanglement is verifiable
since it can be used as a quantum information processing resource back on the home planet.
6.4 Acceleration-assisted entanglement harvesting and rangefinding
There is an elegant mathematical connection between Gibbons-Hawking radiation [19] and the Fulling-Davies-Unruh
effect [15, 16, 17], so a natural question to ask is what happens if we try to do entanglement harvesting using accelerated
detectors through the Minkowski vacuum. Salton, Mann, and Menicucci [125] tackle this question, with rather surprising
results.
The premise of that work [125] is simply to replace inertial trajectories with uniformly accelerated ones. The authors
choose two cases: parallel and anti-parallel acceleration (of the same magnitude for both detectors):
xa =
1
κ
[
cosh(κτ)− 1
]
+
L
2
, ta =
1
κ
sinh(κτ) , (99)
xb = ± 1
κ
[
cosh(κτ)− 1
]
− L
2
, tb =
1
κ
sinh(κτ) , (100)
where the minus/plus signs refer to anti-parallel/parallel trajectories, respectively illustrated in left/right panels of Fig. 7.
Importantly, and in contrast to previous work [132, 13, 17], the Rindler wedges (for each observer) in the anti-parallel
case do not necessarily share a common apex. Instead, they could be closer (as shown) or further apart. The distance
of closest approach of the detectors, as measured by an inertial observer at fixed x, is L.
The switching functions and all other parameters and methods are the same as in Sec. 6.2. To calculate A and X,
the authors use complex analysis, shifting the integration contours in the imaginary direction and using the stationary
phase approximation. This reveals that in the case of parallel acceleration, entanglement can be harvested if and only if
Lκ
2
< sin(κσ2Ω) . (101)
Curiously, this is the exact same condition as that of de Sitter expansion, Eq. (96), and thus the entangling region is
already shown in the blue region of the left panel of Fig. 6.
The anti-parallel case turns out to have a much richer structure. While A is the same as in the parallel case, X
turns out to be much more complicated. It includes additional contributions from poles that are crossed when shifting
the contour (as described in the parallel case). Furthermore, there is one prominent feature (entanglement resonance,
described below) that gets missed when employing the stationary phase approximation; numerical integration is required
in the vicinity of a narrow corridor in parameter space. These features together mean that no simple inequality suffices
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to describe the entanglement profile in parameter space of the anti-parallel case. Instead, the results are simply shown
in the right panel of Fig. 6, which also contains the outline of the boundaries of the regions shown in the left panel for
reference. There are four main features of interest in this case, which we describe presently.
(1) Enhancement of harvesting over inertial detectors The first region of interest is the part of the entangling
region that extends below the limit for inertial detectors (green line). This feature has a curious physical interpretation.
Two inertial detectors in Minkowski spacetime separated by L & 2σ2Ω—i.e., just below the green diagonal line in the
right panel of Fig. 6—cannot harvest entanglement. But if they were to fly in toward each other from spatial infinity,
all the while accelerating in the opposite direction and eventually retreating back to infinity, there exist resonance
frequencies such that they could harvest entanglement even if their distance of closest approach L is larger than 2σ2Ω.
Notice that we do not have to physically bring the detectors closer together than the original L in order to entangle
them; the anti-parallel acceleration is sufficient to nudge them into an entangling regime in parameter space.
Note that in the limit of no acceleration, κ→ 0, the minimum values of L and Ω required to see this enhancement
would both become infinite, which is impossible. Therefore, the inertial condition for entanglement (L < 2σ2Ω) becomes
the appropriate one for all practical purposes in this case, which is a good consistency check.
(2) Entanglement resonance The orange line in the right panel of Fig. 6 represents a critical distance
Lcrit =
2
κ
(
1− cos(κσ2Ω)) (102)
associated with resonance frequency Ω such that the coherence term X →∞. This indicates a breakdown in perturbation
theory (since the density matrix is no longer positive), which the authors interpret as being due to a resonance effect—
i.e., the field inducing a strong dynamical effect on the detectors when they have those particular parameters, possibly
allowing for a large amount of entanglement to be harvested. With the analysis limited to second order perturbation
theory, the authors leave verifying this hypothesis to future work.
The existence of a resonance in the anti-parallel case is not in itself surprising, considering the Unruh effect can be
considered to be a result of two-mode squeezing between field modes isolated to left and right Rindler wedges [17],
as shown in Sec. 2.1. One would expect that appropriately arranged detectors might be resonant with the two-
mode-squeezed modes and thereby harvest a large amount of this Rindler entanglement. What the usual formalism
suggests [13, 17], however, is a natural relationship between L and κ so that the asymptotes associated with the two
trajectories all meet at a single point and form a single set of Rindler wedges. This occurs when Lκ = 2, but the authors
of Ref. [125] do not restrict to this case. In fact, there is a resonance effect at Lκ = 2 only if κσ2Ω = pi2 . In addition,
however, there is also a resonance effect for any Lκ < 4 if one chooses an appropriate Ω. That such a resonance occurs
for a wide range of separations is surprising and demonstrates that the interplay between the detectors and the field
entanglement is nontrivial.
(3) Causal residue contribution As mentioned above, evaluating X involved residue contributions from poles
crossed when shifting the integration contour. There are two distinct types of residue contributions. The first type is a
contribution that is largest for small Lκ and vanishes when Lκ > 2. Due to this behavior, the authors suggest that the
residue contribution in this region may arise from causal dynamics. This contribution can be seen as the curved “bulge”
in entanglement on the left-hand side of the right panel of Fig. 6.
When Lκ < 2, the infinite tails of the Gaussian switching function guarantee that the detection events have a causal
overlap despite the fact that the interaction strength of at least one of the detection events is extremely weak in that
overlap region. Although the interaction is very weak, the long interaction time with the underlying field could give rise
to a nontrivial contribution to X that is comparable to (or even greater than) the residue-free portion.
Specifically, the authors suggest that a detector’s interaction with the field for a long time in the infinite past
may produce a large effect concentrated near the lightlike past asymptote of that detector’s trajectory that is felt by
the other detector (as a contribution to the coherence term X) as the second detector crosses the future extension of
that asymptote. Additional effects generated by exchanging the detectors and by considering the time-reversed process
contribute similarly.
The net result of these processes is a nontrivial contribution to the coherence term X, which indicates that the
detectors “feel each other’s presence” due to the long tails of the Gaussian and overlapping wedges.
(4) Noncausal residue contribution Even as the causal residue contribution discussed above vanishes as Lκ > 2,
a second residue contribution takes over for those greater distances—but only when κσ2Ω > pi2 . This means that there
exists a nontrivial residue contribution for purely spacelike separated detectors (Lκ > 2) but only for certain choices of
the other parameters.
Entanglement in curved spacetimes and cosmology 27
To interpret this contribution, the authors note that the effect is strongest near Lκ & 2 and argue that this is
evidence that the detectors may be feeling the effects of the entangled Rindler modes [17, 13]. Notice that if Lκ & 2, the
detectors will be nearly resonant with the Rindler modes that are two-mode squeezed [17, 13]. The trajectories align
perfectly as Lκ→ 2+. The fact that this contribution, mathematically, cuts off sharply as soon as Lκ < 2 also suggests
that the infinite tails may play a role in this effect.
Because the methods used to calculate X in Ref. [125] rely on the switching function being analytic, further work
will be required to determine which of these effects survive if the window functions are made strictly compact in proper
time.
Rangefinding The authors of Ref. [125] suggest several means by which entanglement harvesting could—as a thought
experiment—be used to measure the distance of closest approach between two detectors undergoing antiparallel
acceleration. The basic idea is to tune the detector parameters such that they are in a regime where the harvested
entanglement changes rapidly with small changes in L. There are several possibilities for this. The first is the resonance
(orange line in Fig. 6), for which the resonance effect is in an extremely narrow region in L around the critical distance,
Eq. (102). In fact, the sign of X changes in this region, which can be detected as a flip from correlation to anticorrelation
in particular joint Pauli measurements. Another proposal is to use the steep gradient in the entanglement in the causal
residue portion to detect distance. Finally, the authors propose detecting the sudden onset of entanglement in the
noncausal residue portion if the detectors satisfy Lκ ' 2.
All of these approaches would require many trials where the distance would be varied slightly in each run. While
these are not practical approaches due to the tiny amounts of entanglement and long distances involved, they inspired
the results described the next section, which employ entanglement farming [38] to detect vibrations in a cavity enclosing
the quantum field being farmed [67].
6.5 Entanglement farming and quantum seismology
Making use of to the non-perturbative tools developed in Ref. [59], the authors of Ref. [38] showed that it is possible to
build sustainable entanglement sources taking advantage of the build-up of relativistic effects—even in non-relativistic
settings—in a reliable and experimentally accessible way. In particular, they showed that in certain generic circumstances
the state of light of an optical cavity traversed by (non-relativistic) beams of atoms is naturally driven towards a non-
thermal metastable state. This state can be such that successive pairs of unentangled particles sent through the cavity
will reliably emerge significantly entangled, thus providing a renewable source of quantum entanglement [38]. This
entangling fixed-point state of the cavity is reached for the most part independently of the initial state in which the
cavity was prepared.
This suggests that entanglement ‘farming’—i.e., driving the field state to a fixed point through repeated interactions
with local systems—can be implemented in a broad class of quantum systems. Reliable and repeatable production of
entanglement should be also possible in other experimental settings. Namely, instead of successively temporarily coupling
pairs of particles to a cavity field, one may successively temporarily couple pairs or triplets, etc., of qudits to a suitable
reservoir system. The qudits and the reservoir system could have any arbitrary physical realization, even outside
quantum optics if the settings described are studied non-perturbatively.
The intuition behind rangefinding from accelerated detectors [125] combined with the more practical techniques of
entanglement farming proposed in Ref. [38] leads to a proposal for quantum seismology [67]. In particular, it is possible
to modify the entanglement farming techniques to build ultra-high-precision vibration sensors by finding suitable points
at which the fixed point of the entanglement farming protocol can be made highly sensitive to perbations such as the
vibration of the optical cavity walls or the passage of a gravitational wave. This makes the setup useful for ultra-
precise detection of vibrations. This quantum entanglement-farming based metrology setting has been called a quantum
seismograph by the group of researchers developing it [67].
Given that it has been shown that the phenomenon of entanglement harvesting is sensitive to the spacetime
background [123, 124] and detector motion [125], it should be interesting to study these ‘quantum seismograph’ settings
in terms of their sensitivity and noise tolerance in order to detect gravitational waves (slight perturbations of the
spacetime metric) [67].
7 Conclusion
All of these results point to an exciting interplay between quantum entanglement and cosmology, with many more insights
yet to come. The fact that we can study entanglement in the fields themselves (through Bogoliubov transformations) and
also with detector-based methods allows one to obtain physical insights using complementary perspectives. Recently
Entanglement in curved spacetimes and cosmology 28
developed nonperturbative detector models bring a new set of tools to the table and allow us to study these effects
even in cases of strong coupling or other interesting non-perturbative regimes, such as the problem of equilibration-
thermalization in quantum field theory.
While directly testing most predictions of curved-spacetime quantum field theory, including nearly all of the effects
discussed in this work, may arguably be prohibitive, analogue models [133, 134] provide a means to test many of these
effects in a laboratory setting [32]. More clever proposals for direct testing may yet lead to experimental discoveries on
par with recent discoveries related to cosmic inflation [11]. In either case, we hope the reader will find that the results
presented here provide both intuition and concrete results into the fascinating connection between cosmology, quantum
field theory, and relativistic quantum information.
Acknowledgments
We thank Ana Blasco, Eric Brown, William Donnelly, Luis J. Garay, Achim Kempf, Robert B. Mann and Mercedes
Mart´ın-Benito for inspiring discussions. This work was supported in part by the Natural Sciences and Engineering
Research Council of Canada. E.M.-M. acknowledges the support of the NSERC Banting Postdoctoral Fellowship
programme. N.C.M. was supported by the Australian Research Council under grant No. DE120102204.
[1] A. G. R. et al., “Observational Evidence from Supernovae for an Accelerating Universe and a Cosmological Constant,” The Astronomical
Journal 116, 1009 (1998).
[2] S. P. et al., “Measurements of and from 42 High-Redshift Supernovae,” The Astrophysical Journal 517, 565 (1999).
[3] B. A. R. et al, “Cosmological Constraints from the Clustering of the Sloan Digital Sky Survey DR7 Luminous Red Galaxies,” Mon.
Not. Roy. Astron. Soc. 404, 60 (2010).
[4] H. Yu¨ksel, J. F. Beacom, and C. R. Watson, “Strong Upper Limits on Sterile Neutrino Warm Dark Matter,” Phys. Rev. Lett. 101,
121301 (2008).
[5] G. Aad and B. A. et al., “Search for squarks and gluinos using final states with jets and missing transverse momentum with the ATLAS
detector in proton–proton collisions,” Physics Letters B 701, 186 (2011).
[6] G. e. a. Aad, “Search for Supersymmetry Using Final States with One Lepton, Jets, and Missing Transverse Momentum with the
ATLAS Detector in
√
s = 7 TeV pp Collisions,” Phys. Rev. Lett. 106, 131802 (2011).
[7] V. K. et al., “Search for supersymmetry in pp collisions at 7 TeV in events with jets and missing transverse energy,” Physics Letters
B 698, 196 (2011).
[8] V. K. et al., “Search for microscopic black hole signatures at the Large Hadron Collider,” Physics Letters B 697, 434 (2011).
[9] R. Aaij et al., “Strong Constraints on the Rare Decays B0s → µ+µ− and B0 → µ+µ−,” Phys. Rev. Lett. 108, 231801 (2012).
[10] H. V. Peiris et al., “First-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Implications For Inflation,” Astrophys.
J. Supp. 148, 213 (2003).
[11] BICEP2 Collaboration et al., “BICEP2 I: Detection Of B-mode Polarization at Degree Angular Scales,” arxiv:1403.3985v2 [astro-
ph.CO] (2014).
[12] J. Taylor, L. Fowler, and J. Weisberg, “Measurements of General Relativistic Effects in the Binary Pulsar,” Nature 277, 437 (1979).
[13] N. D. Birrell and P. C. W. Davies, Quantum Field Thoery in Curved Space (Cambridge, 1982).
[14] R. M. Wald, Quantum Field Theory in Curved Spacetime and Black Hole Thermodynamics (Chicago Lectures in Physics) (University
Of Chicago Press, 1994).
[15] S. A. Fulling, “Nonuniqueness of Canonical Field Quantization in Riemannian Space-Time,” Phys. Rev. D 7, 2850 (1973).
[16] P. C. W. Davies, “Scalar particle production in Schwarzschild and Rindler metrics,” J. Phys. A 8, 609 (1975).
[17] W. G. Unruh, “Notes on black-hole evaporation,” Phys. Rev. D 14, 870 (1976).
[18] L. C. B. Crispino, A. Higuchi, and G. E. A. Matsas, “The Unruh effect and its applications,” Rev. Mod. Phys. 80, 787 (2008).
[19] G. W. Gibbons and S. W. Hawking, “Cosmological event horizons, thermodynamics, and particle creation,” Phys. Rev. D 15, 2738
(1977).
[20] C. W. Misner, K. S. Thorne, and J. A. Wheeler, Gravitation (W. H. Freeman, 1973).
[21] J. Leo´n and E. Mart´ın-Mart´ınez, “Spin and occupation number entanglement of Dirac fields for noninertial observers,” Phys. Rev. A
80, 012314 (2009).
[22] E. Mart´ın-Mart´ınez and J. Leo´n, “Quantum correlations through event horizons: Fermionic versus bosonic entanglement,” Phys. Rev.
A 81, 032320 (2010).
[23] D. E. Bruschi, J. Louko, E. Mart´ın-Mart´ınez, A. Dragan, and I. Fuentes, “Unruh effect in quantum information beyond the single-mode
approximation,” Phys. Rev. A 82, 042332 (2010).
[24] A. Fabbri and J. Navarro-Salas, Modeling black hole evaporation (World Scientific, London (United Kingdom), 2005).
[25] E. Mart´ın-Mart´ınez, L. J. Garay, and J. Leo´n, “Unveiling quantum entanglement degradation near a Schwarzschild black hole,” Phys.
Rev. D 82, 064006 (2010).
[26] E. Mart´ın-Mart´ınez, L. J. Garay, and J. Leo´n, “Quantum entanglement produced in the formation of a black hole,” Phys. Rev. D 82,
064028 (2010).
[27] S. Takagi, “Vacuum noise and stress induced by uniform acceleration,” Prog. Theor. Phys. Suppl. 88, 1 (1986).
[28] N. D. Birrell and P. C. W. Davies, Quantum Fields in Curved Space (Cambridge University Press, 1984).
[29] L. C. B. Crispino, A. Higuchi, and G. E. A. Matsas, “The Unruh effect and its applications,” Rev. Mod. Phys. 80, 787 (2008).
[30] C. Rovelli and M. Smerlak, “Unruh effect without trans-horizon entanglement,” Phys. Rev. D 85, 124055 (2012).
[31] A. Duncan, “Explicit dimensional renormalization of quantum field theory in curved space-time,” Phys. Rev. D 17, 964 (1978).
[32] E. Mart´ın-Mart´ınez and N. C. Menicucci, “Cosmological quantum entanglement,” Classical and Quantum Gravity 29, 224003 (2012).
[33] L. Parker, “Particle Creation in Expanding Universes,” Phys. Rev. Lett. 21, 562 (1968).
[34] L. Parker, “Quantized Fields and Particle Creation in Expanding Universes. I,” Phys. Rev. 183, 1057 (1969).
Entanglement in curved spacetimes and cosmology 29
[35] L. Parker, “Quantized Fields and Particle Creation in Expanding Universes. II,” Phys. Rev. D 3, 346 (1971).
[36] B. DeWitt, General Relativity; an Einstein Centenary Survey (Cambridge University Press, Cambridge, UK, 1980).
[37] B. Reznik, A. Retzker, and J. Silman, “Violating Bell’s inequalities in vacuum,” Phys. Rev. A 71, 042104 (2005).
[38] E. Mart´ın-Mart´ınez, E. G. Brown, W. Donnelly, and A. Kempf, “Sustainable entanglement production from a quantum field,” Phys.
Rev. A 88, 052310 (2013).
[39] A. Dragan, I. Fuentes, and J. Louko, “Quantum accelerometer: Distinguishing inertial Bob from his accelerated twin Rob by a local
measurement,” Phys. Rev. D 83, 085020 (2011).
[40] E. Mart´ın-Mart´ınez, I. Fuentes, and R. B. Mann, “Berry Phase Quantum the Thermometer,” New J. Phys. 15, 1 (2013).
[41] R. B. Mann and E. Mart´ın-Mart´ınez, “Quantum Thermometry,” To appear in Foundations of Physics (2014).
[42] M. Onuma-Kalu, R. B. Mann, and E. Martin-Martinez, “Mode invisibility and single-photon detection,” Phys. Rev. A 88, 063824
(2013).
[43] M. Onuma-Kalu, R. B. Mann, and E. Martin-Martinez, “Mode invisibility as a quantum non-demolition measurement of coherent
light,” arXiv:1404.0726 (2014).
[44] A. G. S. Landulfo, G. E. A. Matsas, and A. C. Torres, “Influence of detector motion in entanglement measurements with photons,”
Phys. Rev. A 81, 044103 (2010).
[45] A. G. S. Landulfo and G. E. A. Matsas, “Sudden death of entanglement and teleportation fidelity loss via the Unruh effect,” Phys.
Rev. A 80, 032315 (2009).
[46] E. Mart´ın-Mart´ınez, D. Aasen, and A. Kempf, “Processing Quantum Information with Relativistic Motion of Atoms,” Phys. Rev. Lett.
110, 160501 (2013).
[47] E. Mart´ın-Mart´ınez and C. Sutherland, “Quantum gates via relativistic remote control,” arXiv:1404.5308 (2014).
[48] R. H. Jonsson, E. Mart´ın-Mart´ınez, and A. Kempf, “Quantum signaling in cavity QED,” Phys. Rev. A 89, 022330 (2014).
[49] B. S. DeWitt, “Quantum gravity: the new synthesis,” in General Relativity, An Einstein Centenary Survey, S. W. Hawking and W.
Israel, eds., (Cambridge, 1979), pp. 680–745.
[50] E. Mart´ın-Mart´ınez, M. Montero, and M. del Rey, “Wavepacket detection with the Unruh-DeWitt model,” Phys. Rev. D 87, 064038
(2013).
[51] A. M. Alhambra, A. Kempf, and E. Mart´ın-Mart´ınez, “Casimir forces on atoms in optical cavities,” Phys. Rev. A 89, 033835 (2014).
[52] M. O. Scully and M. S. Zubairy, Quantum Optics (Cambridge University Press, 1997).
[53] P. D. Nation, M. P. Blencowe, A. J. Rimberg, and E. Buks, “Analogue Hawking Radiation in a dc-SQUID Array Transmission Line,”
Phys. Rev. Lett. 103, 087004 (2009).
[54] A. Wallraff et al., “Strong coupling of a single photon to a superconducting qubit using circuit quantum electrodynamics,” Nature 431,
162 (2004).
[55] W. G. Brenna, E. G. Brown, R. B. Mann, and E. Mart´ın-Mart´ınez, “Universality and thermalization in the Unruh effect,” Phys. Rev.
D 88, 064031 (2013).
[56] L. C. Barbado and M. Visser, “Unruh-DeWitt detector event rate for trajectories with time-dependent acceleration,” Phys. Rev. D 86,
084011 (2012).
[57] J. Doukas, S.-Y. Lin, B. Hu, and R. Mann, “Unruh effect under non-equilibrium conditions: oscillatory motion of an Unruh-DeWitt
detector,” JHEP 2013, 1 (2013).
[58] G. W. Gibbons and S. W. Hawking, “Cosmological event horizons, thermodynamics, and particle creation,” Phys. Rev. D 15, 2738
(1977).
[59] E. G. Brown, E. Mart´ın-Mart´ınez, N. C. Menicucci, and R. B. Mann, “Detectors for probing relativistic quantum physics beyond
perturbation theory,” Phys. Rev. D 87, 084062 (2013).
[60] D. E. Bruschi, A. R. Lee, and I. Fuentes, “Time evolution techniques for detectors in relativistic quantum information,” J. Phys. A:
Math. Theor. 46, 165303 (2013).
[61] W. G. Unruh and W. H. Zurek, “Reduction of a wave packet in quantum Brownian motion,” Phys. Rev. D 40, 1071 (1989).
[62] B. L. Hu and A. Matacz, “Quantum Brownian motion in a bath of parametric oscillators: A model for system-field interactions,” Phys.
Rev. D 49, 6612 (1994).
[63] S. Massar and P. Spindel, “Einstein-Podolsky-Rosen correlations between two uniformly accelerated oscillators,” Phys. Rev. D 74,
085031 (2006).
[64] S.-Y. Lin and B. L. Hu, “Backreaction and the Unruh effect: New insights from exact solutions of uniformly accelerated detectors,”
Phys. Rev. D 76, 064008 (2007).
[65] E. Mart´ın-Mart´ınez, I. Fuentes, and R. B. Mann, “Using Berry’s Phase to Detect the Unruh Effect at Lower Accelerations,” Phys.
Rev. Lett. 107, 131301 (2011).
[66] A. Dragan and I. Fuentes, “Probing the spacetime structure of vacuum entanglement,” arXiv:1105.1192 (2011).
[67] E. G. Brown, W. Donnelly, A. Kempf, R. B. Mann, E. Mart´ın-Mart´ınez, and N. C. Menicucci, “Quantum Seismology,” arxiv:1407.0071v1
[quant-ph] (2014).
[68] A. Raval, B. Hu, and D. Koks, “Near thermal radiation in detectors, mirrors and black holes: A Stochastic approach,” Phys. Rev. D
55, 4795 (1997).
[69] S.-Y. Lin, C.-H. Chou, and B. Hu, “Disentanglement of two harmonic oscillators in relativistic motion,” Phys. Rev. D 78, 125025
(2008).
[70] S.-Y. Lin and B. L. Hu, “Entanglement creation between two causally disconnected objects,” Phys. Rev. D 81, 045019 (2010).
[71] D. C. Ostapchuk, S.-Y. Lin, R. B. Mann, and B. Hu, “Entanglement Dynamics between Inertial and Non-uniformly Accelerated
Detectors,” JHEP 1207, 072 (2012).
[72] B. L. Schumaker, “Quantum Mechanical Pure States with Gaussian Wave Functions,” Physics Reports 135, 317 (1986).
[73] D. M. T. Benincasa, L. Borsten, M. Buck, and F. Dowker, “Quantum Information Processing and Relativistic Quantum Fields,” Class.
Quant. Grav. 31, 075007 (2014).
[74] B. Peropadre, P. Forn-Dı´az, E. Solano, and J. J. Garc´ıa-Ripoll, “Switchable Ultrastrong Coupling in Circuit QED,” Phys. Rev. Lett.
105, 023601 (2010).
[75] N. C. Menicucci, S. J. Olson, and G. J. Milburn, “Simulating quantum effects of cosmological expansion using a static ion trap,” New
J. Phys. 12, 095019 (2010).
[76] C. Sab´ın, J. J. Garc´ıa-Ripoll, E. Solano, and J. Leo´n, “Dynamics of entanglement via propagating microwave photons,” Phys. Rev. B
Entanglement in curved spacetimes and cosmology 30
81, 184501 (2010).
[77] C. Sab´ın, B. Peropadre, M. del Rey, and E. Mart´ın-Mart´ınez, “Extracting Past-Future Vacuum Correlations Using Circuit QED,”
Phys. Rev. Lett. 109, 033602 (2012).
[78] C. Weedbrook et al., “Gaussian quantum information,” Rev. Mod. Phys. 84, 621 (2012).
[79] N. C. Menicucci, S. T. Flammia, and P. van Loock, “Graphical calculus for Gaussian pure states,” Phys. Rev. A 83, 042335 (2011).
[80] S. J. Summers and R. F. Werner, “The vacuum violates Bell’s inequalities,” Phys. Lett. A 110, 257 (1985).
[81] S. J. Summers and R. F. Werner, “Bell’s inequalities and quantum field theory,” J. Math. Phys. 28, 2440 (1987).
[82] M. Rodriguez-Vazquez, M. del Rey, H. Westman, and J. Leon, “Local quanta, unitary inequivalence, and vacuum entanglement,”
Annals of Physics (In press) (2014).
[83] E. Mart´ın-Mart´ınez, L. J. Garay, and J. Leon, “The fate of non-trivial entanglement under gravitational collapse,” Class. Quantum
Grav. 29, 224006 (2012).
[84] P. Zanardi, D. A. Lidar, and S. Lloyd, “Quantum Tensor Product Structures are Observable Induced,” Phys. Rev. Lett. 92, 060402
(2004).
[85] M. E. Peskin and D. V. Schroeder, An Introduction to Quantum Field Theory (Perseus, Cambridge, Massachusetts, 1995).
[86] A. M. Tsvelik, Quantum Field Theory in Condensed Matter Physics (Cambridge University Press, 2006).
[87] K. Bra´dler and R. Ja´uregui, “Comment on “Fermionic entanglement ambiguity in noninertial frames”,” Phys. Rev. A 85, 016301
(2012).
[88] M. Montero and E. Mart´ın-Mart´ınez, “Reply to “Comment on ‘Fermionic entanglement ambiguity in noninertial frames’ ”,” Phys.
Rev. A 85, 016302 (2012).
[89] N. Friis, A. R. Lee, and D. E. Bruschi, “Fermionic-mode entanglement in quantum information,” Phys. Rev. A 87, 022338 (2013).
[90] F. Verstraete and J. I. Cirac, “Continuous Matrix Product States for Quantum Fields,” Phys. Rev. Lett. 104, 190405 (2010).
[91] J. Haegeman, T. J. Osborne, H. Verschelde, and F. Verstraete, “Entanglement Renormalization for Quantum Fields in Real Space,”
Phys. Rev. Lett. 110, 100402 (2013).
[92] P. M. Alsing and G. J. Milburn, “Teleportation with a uniformly accelerated partner,” Phys. Rev. Lett. 91, 180404 (2003).
[93] I. Fuentes-Schuller and R. B. Mann, “Alice falls into a black hole: Entanglement in non-inertial frames,” Phys. Rev. Lett. 95, 120404
(2005).
[94] I. Fuentes, R. B. Mann, E. Mart´ın-Mart´ınez, and S. Moradi, “Entanglement of Dirac fields in an expanding spacetime,” Phys. Rev. D
82, 045030 (2010).
[95] E. Mart´ın-Mart´ınez and J. Leo´n, “Fermionic entanglement that survives a black hole,” Phys. Rev. A 80, 042318 (2009).
[96] E. Mart´ın-Mart´ınez and I. Fuentes, “Redistribution of particle and antiparticle entanglement in noninertial frames,” Phys. Rev. A 83,
052306 (2011).
[97] M. Montero and E. Mart´ın-Mart´ınez, “Entanglement of arbitrary spin fields in noninertial frames,” Phys. Rev. A 84, 012337 (2011).
[98] N. Friis, P. Ko¨hler, E. Mart´ın-Mart´ınez, and R. A. Bertlmann., “Residual entanglement of accelerated fermions is not nonlocal,” Phys.
Rev. A 84, 062111 ((2011)).
[99] M. Montero and E. Mart´ın-Mart´ınez, “Fermionic entanglement ambiguity in noninertial frames,” Phys. Rev. A 83, 062323 (2011).
[100] M. Montero and E. Mart´ın-Mart´ınez, “The entangling side of the Unruh-Hawking effect,” J. High Energy Phys. 2011, 1 (2011).
[101] M. Montero, J. Leo´n, and E. Mart´ın-Mart´ınez, “Fermionic entanglement extinction in noninertial frames,” Phys. Rev. A 84, 042320
(2011).
[102] J. L. Ball, I. Fuentes-Schuller, and F. P. Schuller, “Entanglement in an expanding spacetime,” Phys. Lett. A 359, 550 (2006).
[103] I. Fuentes, R. B. Mann, E. Mart´ın-Mart´ınez, and S. Moradi, “Entanglement of Dirac fields in an expanding spacetime,” Phys. Rev. D
82, 045030 (2010).
[104] L. J. Garay, M. Mart´ın-Benito, and E. Mart´ın-Mart´ınez, “Echo of the quantum bounce,” Phys. Rev. D 89, 043510 (2014).
[105] M. Bojowald, “Loop quantum cosmology,” Living Rev.Rel. 11, 4 (2008).
[106] A. Ashtekar and P. Singh, “Loop Quantum Cosmology: A Status Report,” Class. Quant. Grav. 28, 213001 (2011).
[107] K. Banerjee, G. Calcagni, and M. Martin-Benito, “Introduction to loop quantum cosmology,” SIGMA 8, 016 (2012).
[108] I. Agullo and A. Corichi, “Loop Quantum Cosmology,” arXiv:1302.3833 (2014).
[109] V. Mukhanov, Physical foundations of cosmology (Cambridge University Press, 2005).
[110] E. Mart´ın-Mart´ınez and N. C. Menicucci, “Cosmological quantum entanglement,” Classical and Quantum Gravity 29, 224003 (2012).
[111] L. C. Gomar, J. Cortez, D. Martin-de Blas, G. A. Mena Marugan, and J. M. Velhinho, “Uniqueness of the Fock quantization of scalar
fields in spatially flat cosmological spacetimes,” JCAP 1211, 001 (2012).
[112] L. C. Gomar, J. Cortez, D. Martin-de Blas, G. A. M. Marugan, and J. Velhinho, “Unitary evolution and uniqueness of the Fock
quantization in flat cosmologies with compact spatial sections,” arXiv:1212.5677 [gr-qc] (2012).
[113] J. Louko and A. Satz, “Transition rate of the Unruh-DeWitt detector in curved spacetime,” Class. Quant. Grav. 25, 055012 (2008).
[114] P. C. W. Davies and A. C. Ottewill, “Detection of negative energy: 4-dimensional examples,” Phys. Rev. D 65, 104014 (2002).
[115] B. Jua´rez-Aubry and J. Louko, Detector for a massles field: Hawking effect without infrared sickness (In preparation, 2013).
[116] J. Louko and A. Satz, “Transition rate of the Unruh-DeWitt detector in curved spacetime,” Class. Quant. Grav. 25, 055012 (2008).
[117] R. H. Jonsson, E. Mart´ın-Mart´ınez, and A. Kempf, “Quantum Collect-Calls,” In preparation (2014).
[118] S. Czapor and R. McLenaghan, “Hadamard’s Problem of Diffusion of Waves,” ACTA PHYSICA POLONICA SERIES B 1, 55 (2007).
[119] A. Blasco, L. J. Garay, M. Martin-Benito, and E. Mart´ın-Mart´ınez, in preparation (2014).
[120] B. Reznik, “Entanglement from the Vacuum,” Found. Phys. V33, 167 (2003).
[121] G. Vidal and R. F. Werner, “Computable measure of entanglement,” Phys. Rev. A 65, 032314 (2002).
[122] J. S. Bell, “On the Einstein-Podolsky-Rosen paradox,” Physics 1, 195 (1964).
[123] G. Ver Steeg and N. C. Menicucci, “Entangling Power of an Expanding Universe,” Phys. Rev. D 79, 044027 (2009).
[124] Y. Nambu, “Entanglement Structure in Expanding Universes,” Entropy 15, 1847 (2013).
[125] G. Salton, R. B. Mann, and N. C. Menicucci, “Acceleration-assisted entanglement harvesting and rangefinding,” arxiv:1408.1395v1
[quant-ph] (2014).
[126] A. Peres, “Separability Criterion for Density Matrices,” Phys. Rev. Lett. 77, 1413 (1996).
[127] M. Horodecki, P. Horodecki, and R. Horodecki, “Separability of mixed states: necessary and sufficient conditions,” Phys. Lett. A 223,
1 (1996).
[128] C. H. Bennett, G. Brassard, C. Cre´peau, R. Jozsa, A. Peres, and W. K. Wootters, “Teleporting an unknown quantum state via dual
Entanglement in curved spacetimes and cosmology 31
classical and Einstein-Podolsky-Rosen channels,” Phys. Rev. Lett. 70, 1895 (1993).
[129] L. Masanes, “Asymptotic Violation of Bell Inequalities and Distillability,” Phys. Rev. Lett. 97, 050503 (2006).
[130] M. Horodecki, P. Horodecki, and R. Horodecki, “Inseparable Two Spin- 1
2
Density Matrices Can Be Distilled to a Singlet Form,” Phys.
Rev. Lett. 78, 574 (1997).
[131] M. Z˙ukowski, A. Zeilinger, M. A. Horne, and A. K. Ekert, ““Event-ready-detectors” Bell experiment via entanglement swapping,”
Phys. Rev. Lett. 71, 4287 (1993).
[132] S. Massar and P. Spindel, “Einstein-Podolsky-Rosen correlations between two uniformly accelerated oscillators,” Physical Review D
74 (2006).
[133] W. G. Unruh, “Experimental Black-Hole Evaporation?,” Phys. Rev. Lett. 46, 1351 (1981).
[134] C. Barcelo´, S. Liberati, and M. Visser, “Analogue Gravity,” Living Reviews in Relativity 14 (2011).
